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ABSTRACT
A rapid method of determining the diffusion coefficients of 
sparingly soluble gases in liquids with an accuracy of about 1% 
is described. The technique consists of measuring the rate of 
absorption of the gas in a laminar jet of the liquid* and by 
maintaining a constant liquid flow rate the entry and end effects
are reduced to minimum significance.
Diffusion coefficients of carbon dioxide in water over a 
range of temperatures from 18,5°C to 75 9 and of nitrous
oxide in water and glycerol-water solutions at 20°C are
determined. Where comparison is possible the results compare 
favourably with those of previous workers using other methods.
The jet has also been used to determine values of c&'VD for 
the carbon dioxide - monoethanolamine system over a range of 
amine concentrations from 0,988 to 11,738 moles/litre 
and an attempt has been made to estimate the !Jphysicaln 
solubility eg and the diffusion coefficient D from these values,
A new interferometric method utilizing birefringence for 
determining gaseous diffusion coefficients directly from the 
gas to the liquid phase is introduced. This has the important 
advantage of a truly stagnant liquid surface* and a knowledge 
of gas solubilities is not required. The determination of the 
diffusion coefficient of carbon dioxide in water at 20°C is 
described* and suggestions are made for improving the apparatus 
and for its application in a modified form to other spheres of 
gas-liquid mass-transfer*
- 3 -  .
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INTRODUCTION
The determination of diffusion coefficients of sparingly 
soluble gases such as carbon dioxide and nitrous oxide in 
liquids is a problem of considerable technical interest? 
since the prediction of mass transfer rates and investigations 
into the mechanism of mass transfer require accurate values 
of these coefficients*
Before the following discussion on the measurement of 
diffusion coefficients it is necessary to discuss briefly 
the process of molecular diffusion and the physical laws 
governing diffusion*
Molecular diffusion can be defined as the process by 
which matter is transferred from one part of a single-phase 
system to another as a result of random motion of the 
molecules* The transfer of heat by conduction is also due 
to random molecular motion and the analogy between heat 
conduction and diffusion was first recognised by BERTHOLLET* 
In 1855 PICK applied FOURIER’S mathematical treatment of heat 
conduction to diffusion processes by replacing FOURIER’S 
temperature gradient with a concentration gradient, and 
formulated the relationships known as FICK’S Laws of 
Diffusion* Assuming that the mass transferred in a 
steady-state system is proportional to the temperature 
gradient a relationship of the form
-7-
F = -(constant) dc
dx
is obtained*, where
P = Plow of matter across a reference plane perpendicular 
to the direction of flow (mass/unit area, time)
c = Concentration of matter at any point x
x = Distance between reference plane and the point of 
maximum potential
Replacing the constant of proportionality by D ? the diffusion
coefficient;
F = -D, dc
dx
which is PICK’S First Law of Diffusion, This.has a negative 
sign due to the fact that diffusion occurs in a direction 
opposite to that of increasing concentration.
In diffusion systems involving liquids and solids the 
steady state is not rapidly attained and its rate of 
establishment is also of practical interest, Here it is 
necessary to eliminate the dependent variable F, which can be 
done by means of a mass balance between planes at x and (x + dx 
See for example C R A N K p , 3); this gives rise to PICK’S 
Second Law
As seen below* it is often preferable to deal with systems j 
in the unsteady state where the Second Law applieSo In order to j 
obtain a value of the diffusion coefficient D from these j
systems it is necessary to solve the differential equation for j 
boundary conditions appropriate to the experimental conditions j 
chosen* Under some conditions D is not constant and the j
integrated form of the equation which assumes constancy cannot j
|
be applied; it is therefore necessary to choose conditions where ; 
any variation in D is small enough , to be ignored,, I
There are three main methods by which diffusion coefficients; 
can bemeasured, Briefly* these are as follows?
(a) The Sintered Cell Method
Here the gas in solution diffuses across a sintered disc j 
into a solution of lower concentration! the diffusion coefficient: 
can be estimated from analyses of the upper and lower solutions* | 
This method has the disadvantages that first* accurate analysis ji|
of solutions containing small quantities of gases is a tedious i 
and difficult procedure* and second* the cell must be calibrated j
j
with a liquid of known diffusivity having approximately the same | 
viscosity as the liquid under test., It will be appreciated that ; 
this method is of extremely limited application* except in the j 
case of water and a few common organic solvents..
-9~
(lo) Unsteady State Methods
The transfer of gas across an interface between two 
solutions of different concentrations or between a gas and 
liquid can be measured by chemical analysis? conductivity 
measurements* or by optical means„ Here there is the difficulty 
of forming a sharp interface between solutions of very similar 
density* and the relatively long times involved in measurement 
give rise to the danger of convection currents. This however is 
capable of more general application than the sintered cell 
method* and an investigation based on optical measurements 
involving birefringence in polarized light is currently under 
way.
(c) Measurements of Mass Transfer
Under certain circumstances it is possible to express the 
rate of absorption of a gas by a liquid in terms of interfacial 
area* contact time* viscosity of the liquid* diffusion 
coefficient and. solubility of the gas in the liquid* and in 
cases where reaction occurs between the dissolved gas and the 
liquid* the reaction velocity constant0 The value of the 
diffusion coefficient can be obtained from these quantities
provided enough is known about the hydrodynamic properties 
of the system to enable an accurate evaluation of their effect 
on the absorption ratec 
l^ ypes, of Apparatus
In the past several types of apparatus have.been designed 
to expose a known area of liquid surface to a gas for a definite 
time. HIG-BIE in 1955 in an investigation into interfacial
-1  0-
equilibrium* applied the penetration theory of VON WROBLEWSKI j
to a system where bubbles of known dimensions could be j
contacted with liquids for a known time; but his apparatus j
proved unsatisfactory due to the complicated flow regime at
the surface of the bubble, In the case of falling drops of
liquid the flow pattern within the drop is difficult to
analyse with sufficient accuracyo Wetted-wall columns provide j
somewhat more predictable fluid dynamics and have been used j
h 8 9 1bfor diffusivity measurements 9 9 9 9but end effects and a j
tendency towards rippling are a disadvantage» DANOKWERTS and |
KENNEDY used a rotating drum as a support for a liquid film j
but this equipment failed to produce results substantiating 
the now widely accepted theory of immediate interfacial j
i
equilibrium,, Diffusion coefficients determined by DAVIDSON | 
6and CULLEN using a wetted-sphere absorber compared i
satisfactorily with values obtained by previous workers using j 
other methods; but exposure times with the equipment are 
long (0»2 to 1.0 seconds) giving rise to a possibility of 
convection currents* calculations involve a trial and error 
procedure* and there is the inherently undesirable necessity 
of varying the liquid flow rate in order to obtain a result. 
Over the last ten years many investigations into 
gas-liquid mass transfer have been carried out using a jet in 
which the liquid is in laminar flow 2?5S7>8*10*11 *15*17. an(^
2 17while earlier workers 5 found some evidence of interfacial
5 7 8 10 11resistance* later work 5 s indicates that this was due
- 11-
to defects in apparatus and secondary effects such as boundary 
layers and surface contaminations and that the laminar jet 
provides a convenient and accurate means of investigating j
gas-liquid absorption,, j
Since unsteady-state mass transfer such as occurs in an j
j
absorbing jet is dependent on the diffusivity of the gas in the ! 
liquids it appeared that this might provide an original and 
efficient method of determining diffusion coefficients with a 
reasonable degree of accuracy while also being applicable to a 
wide range of gases and liquids,,
The absorption of a gas by a. liquid may be influenced by 
physicochemical or hydrodynamic factors* of which the former 
(rate of reaction between solute and liquid-phase reactant* 
interfacial resistance to transfer* diffusion coefficients* gas 
solubility) are of interest to the chemical engineer,, If j
investigations are carried out in a system in which the 
hydrodynamic and mechanical factors (interfacial area* fluid 
dynamics* viscosity, density) can be assessed* accurate j
i'
information on the physicochemical factors can be obtained,, j 
Laminar liquid jets possess several attractive advantages over 
other types of apparatus for fundamental studies of gas 
absorption,. First* the fluid dynamics of the system can be j.
i
analysed; and since there is little or no rippling of the 
surface and end effects can be reduced to insignificance* the j
j ,
interfacial area can be readily determined by direct i|:
1measurement* Second* it has been shown by HIG-BIE that contact:
- 12-
times in industrial absorbers are Very short and a particular 
feature of the laminar jet is the very short exposure times 
that can be obtained, i.e. from 0*0005 to 0*1 seconds.
With these points in mind, this investigation was 
undertaken primarily to investigate the application of the 
laminar jet apparatus for the determination of diffusion 
coefficients of moderately soluble gases in liquids, but results 
obtained in the course of the work have led to a study of 
several related phenomena including an estimation of diffusion 
coefficients and ’physical’ solubility of gases in chemically 
reacting systems, mass-transfer coefficients, and the effect 
of temperature?concentration and viscositjr 011 diffusion 
coefficients in specific systems*
- 13-
1 . DESIGN AND OPERATION OF LAMINAR JET i^PARATUS 
1§JL General Layout of apparatus. (See Plates I and II)
The aim of the system is to pass a laminar jet of liquid 
through an atmosphere of the gas under test in such a way that 
all parts of the jet surface can he exposed to the gas for a 
definite period of time; and to determine the rate of absorption 
of gaso Entrance and end effects should he reduced to minimum 
significance.
Photographs of the equipment are shown in Plates I and II, 
and a flow sheet of the equipment is shown in Pig.1 . Liquid 
from a supply tank fitted with an air-tight cover was pumped by 
a reduced-speed stainless steel gear-pump through a needle 
valve system allowing recirculation of part of the flow and a 
constant stream for feed sampling if required. Plow to the 
jet was metered by a rotameter fitted with a needle-valve and 
passed through glass heating coils in a temperature control 
bath to the absorption chamber ’which could be submerged in a 
glass constant-temperature tank* Liquid from the jet was 
caught in a receiver in the bottom of the absorption chamber 
and passed to a constant-level device the height of which could 
be adjusted by a screw mechanism, and thence to a disposal tank* 
Gas from a cylinder fitted with a pressure regulator and 
needle-valve could be passed dry or presaturated via a 
rotameter or soap-film meter through temperature control baths 
to the absorption chamber* Incorporated in the line was a 
device by which the pressure of the gas to the absorption
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chamber could be maintained at atmospheric pressure provided 
an excess of gas was passed through the saturators. Provision 
was made for venting the absorption chamber to the atmosphere.
Production of Jet and Design of Nozzle
The method in which the jet is produced is of primary 
importancej and in the past jets have been produced in a variety | 
of wayso Early workers using cone-shaped nozzles or precision- [
18 tbore capillary tubes (such as DIKKEL and MOOK for surface |
tension studies) obtained jets which ?/ere not laminar and ;
therefore obviously unsuitable in this application. The first 
published work in which the question of jet formation was 
stressed was that of CULLEN and Dj'YVTDSON^ in 1956 who used a j
nozzle in which the curved portion of a cross-section through j
the orifice had the same shape as the initial part of the free
19
streamline as given by SOUTKiTOLL ; at the outlet the
convergence of the streamlines is very small and a good approach [
7 !to laminar flow was obtained. SCRIVEN and PIGFOKD used a !;
[
nozzle in which the profile of the converging section was made |
!'
i :
to approach the quadrant of an ellipse5 and again a- good jet 
was obtained. Shaped orifices, such as these have the
j l
disadvantage of being difficult to construct accurately in small j
sizes o i
1°?11 *30 f
TOOK produced jets from a square-edged accurately j
b
round hole in a thin (o0o1cm0) orifice plate«, These were shown ji
10to be satisfactory in performances, and investigations using i| 
dye-studies in a large-scale model indicated steady rectilinear !j 
flow in the jetj there is also the added advantage of relative !j 
ease of construction and it I!
was decided to adopt the square-edged orifice for this 
investigation., j:
The nozzle used is shown in Pig.2. The orifice plate 
consisted of a disc of hard-rolled 10% rhodium-platinum alloy., 
half an inch in diameter and 0.0102 cm. thick. Holes were 
produced by a drilling and lapping technique at the National
Physical Laboratory at Teddington; the diameter of the hole ij
used in this work was determined microscopically and found to 
be 0.0823 cm. The stainless-steel orifice holder was screwed !
onto the end of a one-centimetre. 1 *D. x 60 cm. long stainless j
steel approach tube., in which the liquid flow was always j
laminar. Ten orifice-plates were examined under a microscope |
and the one that appeared best chosen for this work. j
(c) Jet Receiver
The get receiver (Pig.3) was of the type used by 
SCRIVEN and PIGFORD^ and was made from a 20 mm. length of 1 mm. 
IoD. selected capillary tube joined to a standard taper male j;
joint member which fitted into a carefully aligned female j
tapered joint blown into the bottom of the absorption chamber j
and was held by a stainless-steel spring clip. !
(d) Absorption Chamber Assembly (Pig.U and Plate II)
ii
The 1 cm. I0D. x 60 cm. stainless steel approach tube j
1
passed through a brass cover plate used to seal the top of the j 
glass absorption chamber. The flanged open top of the chamber 
was ground flat and the lower surface of the cover plate was 
polished so that a gas-tight seal allowing sliding movement j
,1 cm. O.D. St.Stl 
Approach Tub©
Orific© Plate^-in.Diam x O.o1o2 cm. 
thick 10? Rhodium-Platinum Alloy
Orific© Plat© Holder
FIGURE 2 . DETAIL OF ORIFICE PLATE HOLDER' ASSEMBLY
1.0- mm. ;
_Upper End of Receiver 
Ground to this Shape
20 mm Length of Selected 
Capillary Tubing
Bottom of Absorption 
Chamber ;•
,These Flanges Held by 
Stainless Spring Clip
6.0 mm
FIGURE 3«SSCTI0H THROUGH RECEIVER
Externally Threaded S.S 
Approach TubeUOPOKtlung irom 
Overhead
•Traversing Mechanism
rBrass Locking Nuts Threaded 
on Approach Tube
■Pressure Nut
Rubber Gasket 
-Brass Cover Plat®
Upper Rubber-Lined Clamp
for Absorption Chamber
Gas E-x.it
iass Absorption Chamber
Nozzle Assembly
- Tangential Gas Entry 
Lower Clamp
Centre-Line of Receiver
Rigid Support
FIGURE U® ASSEJdBLY AIR) SUPPORT OF ABSORPTION CHAMBER
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PLATE 2. ABSORPTION CHAMBER AND TRAVERSING MECHANISM
1- 21-  |
was possible by lubricating the mating surfaces with silicone 
greaseo The absorption chamber* a glass vessel 5 cm, diameter j  
and 25 cm. in length was provided with gas entry and outlet 
tubes at the bottom and top respectively* a drain port at the 
bottom* and a female tapered joint to hold the receiver; and i
was held securely by rubber-lined clamps to a rigid vertical |
support which also held a traverse mechanism by which the 
liquid jet could be accurately aligned with the receiver., Jet j 
length could be adjusted by means of threaded brass collars | 
which clamped the externally threaded approach tube to the j 
support plate of the traverse mechanism, When the jet length j
was set the brass cover plate could be tightened against the j
absorption chamber by means of a third collar, j
The vertical support* equipped with levelling screws* ] 
hung from an overhead beam which was supported by a vertical 
U -in, steel -section. This was bolted to a 1|2 - in, square 
by 8 - in, concrete base resting on a vibration-damping 
mounting. In this way a minimum of vibration was transmitted 
to the jet, !
For measurements at temperatures above 25°C* the absorption 
chamber was completely submerged in a glass ]
constant-temperature tank* water from which could be pumped 
to a glass jacket around the approach tube,
(e) Temperature and Pressure Measurement and Control 
Liquid temperatures were determined by inserting 
thermometers in pockets at the entry to the approach tube and ! 
in the line between the receiver and overflow device as near ]
- 22-
as possible to the receiver, G-as temperatures were measured 
by passing the gas through vacuum flasks fitted with 
thermometers. All temperatures could be measured to 0,05°C and 
it was found that the temperature of liquid entering and.leaving 
the absorption chamber and of the absorption chamber water bath 
could be kept within a a 0,1°C range for temperatures up to 
i+5°C* and 0,2°C range for temperature from 1+5°C to 75°G,
G-as pressures at the soap-bubble meter and in the 
absorption chamber were measured by water U-tube manometers.
The whole apparatus was erected in a constant-temperature 
room which could be held at any temperature between 18,0^0 
and 25.0°C with a variation of less than ~ 0,5°C* by means of 
a forced-convection electric heater actuated by a contact 
thermometer placed near the apparatus. Fans provided extra 
air circulation* and the heating was kept on during each series 
of runs,
(f) Measurement of Absorption Rates
It is possible to determine the amount of gas absorbed by
chemical analysis of the outflowing stream* and while fairly
satisfactory methods exist for more common systems such as
1 7carbon dioxide - water * the analytical method in general 
had the following disadvantages?
1, There is a chance of contamination or gas desorption 
during sampling.
2. At short jet lengths and high temperatures where the
- 23-
amount of* gas absorbed is small, inaccuracies in analysis of j 
the dilute solutions may materially affect the results.
3o It is tedious and inconvenient to perform a large number 
of chemical analyses, more especially so since elaborate j
precautions are necessary when dealing with low concentrations• I 
k* Satisfactory methods of analysis may not be available for |
other than the most common systems. !
I
The method of semi-continuous analysis by means of a j
precalibrated conductivity cell as described by E b M b R T  and j
i
20PIGFORD may be suitaole for some applications but the
temperature dependence of liquid conductivities require accurate
( i 0„05°C) temperature control of the sampled streams, and in
investigations covering a range of temperatures this would require
considerable extra equipment» Also, calibration of the cell for j
any system is subject to the above analytical difficulties. I
A simple and accurate method is the direct measurement of j
2 8 10 11the gas absorbed by means of a soap-film meter. * * »
A constant-pressure supply of gas is connected to the absorption j 
chamber via a soap-film meter, and the gas flowing to the chamber \ 
is determined by measuring the time required for the absorption j 
of a definite volume of gas by means of a stopwatch. This I
j
eliminates the inconvenience of a large number of analyses and is j 
the method chosen for this investigation. G-as entrained by the 
jet mail introduce an error and it is important to ensure proper 
operations at all times. j
The room-temperature control equipment was switched on 
twenty-four hours before runs were commenced and kept on until
a series of runs was finished. Constant-temperature baths were
switched 011 six hours before runs commenced.
Filtered water-from the mains supply was passed to the 
main storage tank through a permutit Deminrolit de-ionizing 
unit which produced water containing less than 0.1 ppm. of 
dissolved carbon dioxide, and the water could be de-aerated by 
closing, the tank and applying a vacuum. If solutions were 
required instead of pure water they were made up by adding the 
required amount of solute to the tank and mixing by 
recirculation for two hours.
In the case of the runs at 25«0°C considerable adjustment 
was necessary before the required temperatures could be 
attained, but in later runs exact temperatures were not 
required and measurements were made when temperatures of liquid, 
to jet, liquid from receiver, and gas to absorber were 
constant and within 0.1°C for runs up to k5°C and 0.2°C for 
runs at higher temperatures. It was found that the required 
temperature constancy could be obtained after about l\0 minutes 
operation.
With the outflow line almost closed, the jet was aligned 
writh the receiver by setting the required flow rate through the 
rotameter and manipulating the traverse .mechanism until the 
overflowing liquid formed a pear-shaped film about the
- 25-
receiver (Fig, 5a«)o Upon opening the outflow line the jet 
entrains a large amount of gas as in Fig* 5b, By partially 
closing the outflow line the liquid in the capillary reaches 
a level near the top of the receiver and final adjustment is 
made by raising the constant-level overflow device until the 
liquid level is at the top of the receiver. At this point 
there is neither entrainment of gas nor liquid spillover 
and the jet is satisfactorily adjusted as in Fig.5c,
Next the absorption chamber is purged with pure gas by 
opening clip A, closing B (Fig,l) and setting a flow rate of 
about 25 cc/min through the gas rotameter, The apparatus is 
left in this state until all temperatures are constant at the 
required value,
Before talcing the first reading the gas is directed 
through the bubble flowmeter for five minutes„ The gas vent 
from the absorption chamber is then closed (clip A), clip B 
simultaneously opened, and the time required for a known volume 
of gas to be absorbed measured by a stopwatch reading to 0.1 
seconds. Times'were measured at ten-minute intervals until 
they became approximately constant.
The maximum length of jet that could be used was found to 
be about 15 cm, and stability increased at shorter lengths.
In general, four or five jet lengths between 2 and 10 cm. were 
used for each determination., jet length being measured by a 
cathetometer to an accuracy of 0.005 cm. Flow rate was kept
2.6-
Liquid Jet
Gas Entrained 
,":Hera
Glass HEceiver
FIGURE 5 OPERATION OF JET RECEIVER
Rate of 
Lbs or pt ion
v/jet Length
FIGURE 6«TYPES OF ABSORPTION CURVES
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constant by frequent checks of the rotameter during each runs 
and was determined periodically by timing the discharge of a 
known volume„
)
-28-
2. THEORETICAL ASPECTS OF THE MEASUREMENT OF 
DIFFUSION COEFFICIENTS BY THE LAMINAR JET 
APPARATUS - PHYSICAL ABSORPTION
(a) Theory of Physical Absorption of a Pure Gas by Laminar 
Liquid Jets
The early film t h e o r y  of LEFIS and WHITMAN postulated
that resistance to mass transfer at a gas-liquid interface
was the sum of two separate resistances, one concentrated in
the stagnant gas film adjacent to the. interface, and the other
in a stagnant liquid film adjacent to the interface; transfer
taking place by molecular diffusion across these stagnant
films*. The use of a pure gas in absorption experiments
eliminates the gas-film resistance and the rate of absorption
depends only on conditions in the liquid phase*
Under certain conditions absorption rates into laminar
jets can be interpreted in terms of the penetration theory
of unsteady state diffusion into a stagnant liquid. Originally
derived in one form by VON WROELENSKI in 1878* special cases
2 hof this theory were treated mathematically by STEFAN , and
22TAMMAN and JESSEN ; but the modern general application to
moving surfaces is due to HIG-BIE, who applied the theory to
1
short exposure times in his bubble absorber .
There are four basic assumptions made in the derivation 
of the penetration theory. These are discussed below in the 
context of the laminar jet.
1• Each element of liquid surface is assumed to be exposed.
to the gas for the same length of time, and to absorb gas
-29-
during this time at the same changing rate as though it
were a stagnant layer of infinite depth. This requires
that the jet surface has constant velocity* is in rod-like
flow, and that the depth of penetration of the absorbed
molecules is small compared with the total jet diameter. 
i itNIJSING- has shown that this last condition is fulfilled 
when
i|Dt d 2
—5 2For diffusion coefficients of the order of 10 cm /sec. 
and exposure times of less than 20 x 20 seconds it is 
obvious that this will hold for all jet diameters of 
practical interesto 
2o The surface of each element of area is saturated with gas 
at the instant of exposure and remains saturated throughout 
the period of absorption* i.e. there is immediate 
interfacial equilibrium.
The truth of this assumption has been the subject of a
4
number of investigations. The earlier work of HIG-BIE and
subsequently that of MATSUYAMA2* DANCKMERTS and KENNEDY3*
*17EMMERT and PIGFORD * and EDWARDS * indicated the presence 
of an interfacial resistance in the carbon dioxide-water 
system| but later work with laminar jets by CULLEN and 
DAVIDSON5, NIJSING , T00R1°S and SCRIVEN and PIGNORDf1,15 
indicates that this apparent resistance could be explained 
by contamination and hydrodynamic entry and end effects, and 
in general they conclude that any resistance which 
may exist is negligible. Immediate equilibrium obviously
cannot be obtained in theory since the number of gas molecules
condensing on the liquid surface is limited by considerations
i_i 2
of the kinetic theory of gases* a fact pointed out by ELGIN
in 1935; but it has been shown/ that the time required for
surface to be saturated even with a fairly soluble gas is many
orders of magnitude less than the rate at which it can be
removed by diffusion into the liquid bulko' In view of this
practical and theoretical evidence the assumption of interfacial
equilibrium appears justified*
3» The effect of diffusion of dissolved gas in the direction of
liquid flow is negligible. It has been shown mathematically by 
21PLACEMAN that this is theoretically a valid assumption.
l±o The diffusivity of the dissolved gas is constant and heat
effects can be neglected. This is a necessary working
hypothesis* and is probably true for moderately soluble gases*
Mathematical Derivation of Eormulae
Dissolved gas diffuses through unit area of the liquid in
accordance with PICK’S second lay/ of diffusion
D . d^c = dc (1)
with the boundary condition
c = c :* x = 0? t )  0 (2)
(since the liquid surface is saturated with gas at contact)* 
and the initial condition
C = CQ* x 0* t = 0 (3)
If the initial concentration of gas in the liquid is zero at
contact* CQ = 0 and (3) becomes
c = 0, x)o, t = 0 (d)
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A solution of equation (1) with boundary conditions (2) and (l~i-)
is given by CRANI</^ and CARSLAW and JAEGER^ * *
c = c^ 5 erfc x/2/(Et) (5)
The instantaneous rate of absorption-. N* is given by
N f = -D (dc) (6)
dx x = 0
By expanding (5) in a series form* differentiating with respect 
to x and substituting in (6)
N f = -D 2 (—C'" ) 1fcajata* x * laKKMijfuM . »
3tt 2?Dt (7)
P
N = I \ N T o dt
t 6
substituting for N T as given by (7)
ft
N = .1 \ c*W(D//t) . dt
N = 2c* '.r(D/7Tt)
(8)
(8) is a rate equation. The amount of gas absorbed per unit 
area after, time t is given by
Q = (average rate of absorption) 
x time of exposure
= N x t
= ' 2c* ./(E>/Vt) • t
Q •= 2c* •/‘(Dt/V) (9)
Equation (9) can be adapted for convenient application to 
readings obtained from the laminar jet apparatus as follows;
If fresh surface is produced by the jet at the rate of
p
A cm ./sec. and is removed after t seconds* <p9 the overall rate 
of absorption in gm.moles/sec. is given by
“32-
<j> = (rate of production of surface) X(Amount of gas absorbed'
(per unit area after 
(exposure of t seconds /
= A x 2c- */"(Dt/tt) (10)
For a laminar jot d cm. in diameter, h ciiio in length ,and
having a surface velocity of v cm/sec. for a liquid flow rate
■Z
of L cm / sec.,
A = 7T d v ' 
t = h/v 
v = UL/rr d^ 
and substituting in (10)
(j) = Uc- tfiFXTK (11)
It should be noted that (11) is derived on the assumption
that the surface velocity of the jet is the same as the mean
velocity of the whole jet.
If any four of the five quantities in (11) are known, 
the fifth can be calculated. This is the basis for the 
determination of diffusion coefficients by this method since 
the value of c;* can be measured or found in the literature and 
<j>9 Lj and h can be measured experimentally. For any system at 
one definite temperature and pressure, if the liquid flow 
rate L is kept constant and the jet length varied, (11) is the 
equation of a straight line when 0 is plotted against 
corresponding values of A/h, The gradient of this line is given
= .-/dTl
-33-
and D, the diffusion coefficient by
*fV _ 1
4h
.rodynamic C ons ider at ions o f Laminar Jets
While it is not the purpose of this work to examine in
detail the hydrodynamic characteristic of jets, the theory
developed above makes the assumption of rod-like flow in the
jet, and it is necessary to consider the effect of conditions
actually existing on the calculated rate of absorption and on
the calculation of diffusion coefficients.
When a liquid leaves any orifice the liquid surface must
initially have zero velocity since it was in contact with a
fixed wall, and there must be a finite distance travelled
before the surface can be accelerated to its final velocity by
the bulk of the jet. The assumption of rod-like flow assumes
instantaneous acceleration.
Examining an absorbing jet empirically, it appears that
deviations from theoretical behaviour could be effected by two
main and opposing factors; namely, the slow-moving or stagnant
boundary layer near the nozzle which tends to reduce absorption
by decreasing the 1 fresh* surface of the jet, and the end
effect at the receiver where there will be extra absorption
at the pool surface and possibly some gas entrainment. The
standing waves at the lower end of the jet reported by some 
7
observers would also tend to reduce absorption, ht constant 
flow rate in a perfect jet with no end effects, a plot of gas
-3b-
absorbed against the square root of the jet length is a 
straight line passing through the origin in accordance with 
the equation derived above«,
<f> = bo* '/S7ETE (11)
having a gradient of
he* *mzr.
as shown by line A in Fig„6s(page 26)
If there is a constant end effect at the receiver the
results will take the form of line B where B is parallel to
A but does not pass through the origin; this type of result
9was reported by FUSING- 5 who attributed it to entrainment. 
When there is little or no entrainment effect the absorption 
will follow line C (SCRIV3N and PIGFOKD7) where the effect of 
the boundary layer is shown up to point ’af0 After this 
point is passed this is a constant effect independent of jet 
length and C will be parallel to A 0 For a well-operated jet 
with minimum receiver end effects the absorption line would 
be expected to lie somewhere between A and C9 being of the 
same general shape as C,
The significant conclusion to be drawn is thiss 
if a single jet is operated at a constant flow rate it appears 
reasonable to assume that the overall end effects will be 
constant and independent of jet length? and their actual 
magnitude will not affect the accuracy of D which depends 
solely on the gradient of the <j> W h  plot. This is an 
important point in favour of this jet technique for the
measurement of diffusion coefficients since it is not necessary
to alter the flow characteristics in order to vary contact
6times as is done by CULLEN and DAVIDSON in the wetted-sphere
absorber and would be necessary in the rotating-drum
3
apparatus of DANCILvLRTS and KENNEDY and in wetted-wall 
columns.
When the laminar jet is used for the absolute measurement
of absorption rates or verification of theories of absorption
an estiation of the boundary-layer effect must be made0 The
various mathematical analyses published by DAVIDSON^, PIGFORD^.-
TOOR10, and NIJSING-”1^  can be briefly summarised thus: •
The formation of a boundary layer at an orifice and its
subsequent dissipation in the jet are analagous to the formation
and dissipation of the boundary layer in the wake of an
infinitely thin flat plat oriented parallel to the direction
of flow* The symmetry line in the wake of the plate
corresponds to the surface of the jet, and the solution for
the mid-point of the wake gives an approximate description of
the surface velocity of the jet, which can be determined from
11Goldstein*s solution for the wake behing a plate „ Various
5 15investigators , have applied mathematical analyses based on
measurements of jet diameter and the above analogy to their
experimental results on absorption by jets; but the experimental 
rates are nearer those predicted by the *plug-flow* equation
(11) than those making allowances for calculated boundary-layer
effects, and it has been concluded that the boundary layer does
-36-
in fact accelerate to final jet velocity at a considerably faster 
rate than theoretically predicted.
The accelerating effect of the force of gravity will result in 
a downstream contraction of the jet, but for fast-moving jets 
(300 - 500 cm/sec) the reduction is negligible, i.e. of the order of 1% 
or less.
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3. THE ABSORPTION OF CARBON DIOXIDE IN WATER, 0|
EXPERT?CENTAL RESULTS .AND INTERPRETATION OF DATA.
This section deals with the physical absorption of
ocarbon dioxide in water at temperatures between 18o5 C and 
75«1°Co First,data on the absorption rates of CO^ into 'water 
at 25°C have been used to investigate hyrdodynamic conditions 
in the jet and to demonstrate the adequacy of the theory 
derived above«
(a) Investigation of Hydrodynamic Conditions
It has been shown the rate of absorption of a pure gas by 
a laminar jet in rod-like flow is given by
</> = Uc^VTCCTE (11)
As discussed above, deviations from the theoretically 
assumed rod-like flow will occur to a greater or lesser extent 
due to imperfections in the jet apparatus, and as a test for 
hydrodynamic suitability equation (11) will be applied to 
experimental results under conditions where L, the flow rate 
is kept constant| c*, the equilibrium saturation of the gas 
at the interface, and D, the diffusion coefficient are 
accurately known* The system chosen for this was the absorption 
of carbon dioxide at atmospheric pressure in water at 25«0°C.
The absorption of carbon dioxide in water cannot be 
theoretically regarded as totally physical absorption since 
there is a reaction between dissolved CO^ and water forming 
carbonic acid
co2 + h2o ^  h2co3
which dissociates instantaneously thus
HoC0, ==i H+ + HCCU2 p sr 3
the equilibrium constant for the first reaction is 
given by
= (HgCO,) = 3 . x 1Cf3 at 25°C
(<xr~)
i,ee only 0.3% of the total dissolved CO^ will have reacted 
to form carbonic acid? and for the purposes of this 
investigation the absorption can safely be regarded as 
physicalo
The experimental conditions were as follows;
0o0823 cnio3
2*50 cm / sec .
2,28 to Hi, OI4. cmB 
k°95 x 10-3 to 29.9 x 10-3sec
25 • o°c
18.5°C
7U7 mm Hg,
99-9% pure G02j, dry.
(i) Equilibrium Saturation Concentration of C0r>?
7 10It has been shown 9 that even when the feed gas to the 
absorption chamber is dry, that the gas immediately adjacent 
to the jet surface is very nearly saturated and the proper 
partial pressure of gas used in calculating absorption rates 
is equal to the total pressure less the vapour pressure of 
water at the temperature of the experiment.
Diameter- of orifice = 
Water Plow Rate =
Jet Lengths =
Exposure Times =
Nominal Run Temp. = 
Room Temperature = 
Atmospheric Pressure = 
Peed Gfas =
Thuss Total pressure = 71+7 nun.
Vapour pressure of water at 25»0°C = 23»8 mm.
Partial pressure of C02 = 723«2 mm.
'= 0.98 atm.
o 5
Henry1 s Law Constant at 25«0 C = 1.61+ x 10
(i.C.T. vol. 3? p.260)
Mole fraction of C02 in solution =__0.98___
1.61+ x 103 
= 0.000597
3
Moles of C0o per cm of water = 0„000597 0 1
 ^ 1-0.000597 18.02
c* = 3»31 a 10 ^gm.mols/cm^ 
(ii) Diffusion Coefficient of CO^ in water
Values for the diffusivity of 00^ in water appear in the
International Critical Tables and in a number of studies on 
1 2 5 7 8absorption 9 9J 9 1 9 ? comprehensive summary of these is
7 -5given by SCRIVEN and PIGP0PD and their value of 1 .97 x 10
2cm /sec. will be adopted for this work.
The value of 1+Dt at the longest emposure time of 
d
-5 -5 2
29*9 x 10 sec. and a diffusivity of 1.97 x 10 cm /sec is
-63»7 x 10 which satisfies the limit on jet diameter mentioned
earlier«, i.e. 1+Dt <JC 1
a 2~~ ~d
For the C02 “ water system at 25*0°C and 71+7 mm. pressure 
accurate values can now be substituted for c':'9 D, and L in 
equation (11)
 ■— -tr-, r _
-lj.0-
' <f> = k o^' </I5"E K" (11)
h x (3.31 x 10~5 x »f(l.97 x 10 ) x '/2.50 x ''ill
£__=___0_,93 x. 10 4)3. gm-moles/sec (12)
The1 theoreticalf absorption rate for any jet length can now be
calculated from (12) and compared with the experimental results.
( iii) Exper iment_al_ Resuits at_2j) »0°C
'Two sets of runs were made at 25.0°C and 7U7 min. pressure
with jet lengths varying from 2.28 cm. to 11+.01+ cm. and a
constant liquid flow rate of 2.50 cm /sec. giving exposure times
of 1+.95 x 10 sec. to 29.9 x 10 sec. Experimental procedure
was as described in Section 1 (g)s and a specimen set'of
experimental readings is given below;
Room Temperature 18.5°C
Run Temperature 25.0°C
Jet Length 6.98 cm
Atmospheric Pressure 71+6.9 n®1* Hg
Liquid Temp, at Jet Entry. 25.0°C
Liquid Temp, at Jet Exit 25.0°C
Absorber Bath Temperature 25.05 C
Flow Rate Check; Time to fill 1 - litre flask
Start of run 1+00.9
End of run 1+01.3
Average 1+01.1
Time taken to absorb 7.0 cc. of carbon dioxide
At time 0 min. (109.2 sec) rejected !
10 min. = (116.2 sec) rejected |
20 min. 118.9 sec ii
30 min. 118.3 sec
1+0 min 118.7 sec I
50 min. = 118.1 sec
Average = 118.5 sec
-l|1-
Ambient tempo at bubble meter 18.5°C
Gas tempo to meter 18.5°C
Gas tempo from meter 18.5°C
ft
Gas pressure at meter Atmospheric + H^O
Gas pressure in absorption chamber Atmospheric + 0” B^O
(iv) Calculation of Absorption .Kate
The absorption rate at this jet length is calculated as 
followss
Time to absorb 7»0 cc =118.5 sec (1805°C, 7^7 mm.Hg)
Absorption Kate = 7 x 275 x Ihl cc/sec at
118.5 291 .5 760 N.T.P
= 0.05^2 cc/sec at N0T»P0
= 0.05U2 gm-moles/sec.
22 5 III 2
= 2_^ /2. x 10  ^gm-mqles/sec.
The absorption rates for C0£ into water at 25*0°C at nine 
jet lengths are compared with the theoretical rates for a perfec 
jet calculated from Equation (12) in Table 1. Absorption rates 
are plotted verses the square root of the jet length in Pig. 7*
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# From Table 2
Table 1. Theoretical and Experiment al Rates of Absorption
C02 - water at 25•0°C , 71+7 unn. total Pressure
(v) Conclusions
The difference between calculated and observed absorption 
rates (Table i) appear to indicate that the boundary layer 
effect reduces absorption by about 3% at the shorter lengths 
and 2% at greater lengths. Within the limits of accuracy the 
reduction can be regarded as constant over the range of jet 
lengths tested, i»e, the total end and entry effect do not 
depend on jet length.
fI -kk-
I 7 10 1kMathematical analyses 19 9 ^ based on the analogy
between conditions in the jet and the wake behind a flat
| plate indicate that the effect of the boundary layer should
| be to reduce absorption rates by from 18% at very short
(2 cm,) lengths to 3% at 10 to 15 cm. However, results
I obtained in practice are usually only 1% to Ifb below
7 10theoretical due presumably to faster acceleration of the 
i boundary layer than calculated.
On the <fi vs. f7h plot (Fig„7°) the best line through the 
experimental points has a gradient of 0.92 which is 
approximately 1% less than the theoretical value for $/Vh 
of 0.93 (Equation 12). The position of the theoretical line
indicates a small reduction in absorption.
It can be concluded from these results that under the 
experimental conditions described here, namely a flow rate of 
2.50 cn/sec and jet lengths of 2.28 cm. to 1k.Ok cm2
(a) Prom hydrodynamical aspects, the jet apparatus is 
satisfactory and can be expected to produce measurements of 
diffusion coefficients not more than about 1% in error.
(b) Assumptions made in deriving liquation (11) are
justified and the theory is adequate.
(c) Absolute measurements of absorption rates should be 
less than 3% in error.
It should be noted that the concept of using a constant 
flow rate providing constant end effects enables greater 
accuracy in determining diffusion coefficients than hitherto
■U5-
available from other absorption measurementsD
(h ) Determination of Diffusion Coefficients of Carbon Dioxide 
in Watero
It has been shown that the rate of absorption of carbon 
dioxide by a laminar jet can be expressed thus
<p = k c *  i/inn (11)
By arranging (11)
fi/B = d> » __1
>£ T ^ m r  (13)
The flow rate L can be fixed, the saturation concentration 
c# can be determined from the literature over a range of 
temperatures j and the value of $A/h can be obtained 
experimentally as the gradient of a plot of absorption rate 
versus the square root of the jet length; the diffusion 
coefficient can then be obtained by squaring equation (13)°
The results of tests carried out over a range of 
temperatures from 18.5°C to 75»j°C and jet lengths of 2,285 
U*93p 7o30? and 10.65 cm, are shorn in Table 2; absorption
rates are plotted against the square root of the jet lengths
in Figure 8. A specimen calculation of the diffusion 
coefficient at 2+5 »2°0 is given below;
From Fig, 8
6  = 0,68 x 10 ^
*Jh 2
L s liquid flow rate = 2.50 cm /sec,
*TL = 1.58
V.P. of water at U5.2°C = 72.6mm
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Total pressure = 7-1-7 nun
P 0 press o of GO^ = 67Uo2-!mm
c* at U5*2°G 9 G7i\.«h nun = 1.94 x 10 3 gm-moles/cc.
= A  • 1
*Jh Uc#VL
c
= (0.68 x 10 ) x 1
1+ x (1.9U x 10 3) x 1,58
= 5.50 x 10~3
D = 3*05 x 10 3 cm2/sec
The evaluation of D at other temperatures is shown in Table 3
(c) Discussion of Results
It appears from Table 3 that the temperature dependence
of carbon dioxide diffusion coefficients in water can be
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26 27' 25described by the Nernst-Einstein relationship s J
)y. = constant
T
where jj. is the liquid viscosity and T is the absolute
temperatureo Values of the Nernst-Einstein constant calculated
-2 -2in Table 3 vary between 5*58 x 10 and 5*87 x 10 which is
—2within 2 % of the mean value of 5*72 x 10 , viscosities being
expressed in terms of centipoises and diffusivities in cm /sec0 
The experimental values show no trend to increase or decrease 
with. increasing temperature•
An interesting point arising from this is that if it 
can be accepted that the diffusivities obtained in this 
investigation can be fully described by the above relationship,, 
then the diffusion coefficient of carbon dioxide in water 
appears to be independent of its concentration* at least over 
the temperature range of 18o5°0 to 75*1°C* since the
concentration varies from 3*96 x 10 gmamoles/cc at 18„5 C
—5 o
to 0o78 x 10 gm-moles/cc at 75*1 C - a variation of 500%o
A plot of diffusion coefficient versus temperature is shown
in Figo 9*
Comparison with Results of Other Investigators
The results of five other investigators are compared with 
those obtained here in Table !(.«, For purposes of comparison all 
results up to 1+5 o2°C are plotted on temperature-diffusion 
coefficient graph (Fig*10). The agreement is close in all
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Investigatorsj sthod
\Tamman and 
^Jsssen (22)
jHufner (23) 
I Stefan (21+)
iCullen and 
iDavidson (6)
jNijsing and 
jKramers (9)
1This work
Liquid-liquid 
transfer in 
diffusion cell
Diffusion cell
Diffusion cell
Wetted-sphere 
absorber
Short Wetted- 
Wall Column
Laminar ;jet 
of liquid
Temp
°c
* Diffo ! Vis 
j Coeff•
I cm/sec
Average
x 10*
T0T0
17.5
25 oO
30o0
10.5 
15.8
20.5
17.0
25 »0
30.0
10.0
15.0
20o0
25 . 0
30.0
60 2 
10 .2  
15.8
20.0 
21+. 8 
30.0
18.5
25 oO
31+. 7 
1+5.2 
5U.9
65 oO
75.1
—a- 
221 ,
1.1+5
1 .72 
2.08 
1.1+7 
1.60 
1.79 
1.60 
1.82 
2.08
1 .15
1.39 
1.51+ 
1.93
2.25 
1.08 
1.30 
1.1+9 
1.69 
1*91+
2.26 
1.65 
1.95 
2 .1+1 
3.03 
3.68 
l+.i+O 
5.1+0
Table 1+. Summary of Diffusion coefficients and
\1 T i Dm>
Cp. x102 ti
T
?
\ X 10
T r m _ _ j _ —
1.070: 5.3 ;
0.894! 5.3 i
0.801i 5.5 ; 5.5
1.280: 6,8 !
1.115 6.1+ !
0.990 6.0 \ 6 ok
1 .083 5.9 ;
0.894 5.5 :
0.801 5o5 *9 5.6
1 .308 5o3 ;
1 .140 5o5 i
1.005' 5-3 ;
0.894 5.7 ;
0.801 5*9 \ 5.6
1.464 5.7 1
1 .285' 5.9 i
1.115: 5.7 j
1.005 5.8 !
0.898 5.8 j
0.801 5.9 I 5.8
1.043, 5.9 !
0.894; 5.8 ;
0.729! 5.7 !
0.598; 5.7 j
0.506! 5.6 ;
0.436: 5.7
0.380:
i
5.9 i$ 5.7
 Dy, values for
T
C0p - water at different Temperatures.
23
cases, although HUFRER?S results appear to be generally higher 
and the results of CULLED and DAVIDSON^ generally lower.
The average values of obtained from the results of other
T
investigators agree very well (within 3%) with the values
determined in this work, again with the exception of HUFNER.
9 -2KRAMERS value of 5*8 x 10 is very slightly higher while the
other results are somewhat
-51+-
lower,-but these discrepancies can be explained by 
experimental error, and the comparative evidence indicates 
that the laminar jet technique described here is a suitable 
and accurate method of determining diffusion coefficients over 
a wide range of temperatures.
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l+o THE DETERMINATION OF DIFFUSION COEFFICIENTS OF NITROUS
OXIDE IN WATER AND AQUEOUS SOLUTIONS OF GLYCEROL AT 20°Co
(a) Experimental Results^and Calculation of Diffusion 
Coefficients
Rates of absorption of nitrous oxide into laminar jets of 
water and glycerol-water solutions up to 22.7'A> at 20o0°C and 
753 rnm. Hg. total pressure were determined as described in the 
previous section. The diffusion coefficient can be determined 
from the relationship
= 8 • _ 1  „ (13)
Vh ho.&HTd-c
(i) Determination of Solution Strengths
Solutions were made up with the purest available commercial 
glycerol and de~ionized water, and strengths determined by 
measuring the densities at 20.0°C. From a tabulation by BOSART 
and SNODDY (Ref ,1+1, p. 191) * the percentage of glycerol in a 
solution can be determined from the density of the solution.
(ii) Determination of_c/“% equilibrium gas solubility
Information on the solubility of nitrous oxide in water
appears in PERRY, and SEIDELL. At 20.0°C, I.C.T. (Vol.3, p.259)
3
gives a value of the Henry’s Law Coefficient of 1.98 x 10 ? and
from this the solubility at a partial pressure of 729«2 mm Hg
can be determined -5
c* =2.68 x 10 moles/cc
The solubility in glycerol-water solutions are obtained 
from the results' of HENKEL (SEIDELL, 3rd Ed. p. 111+0).
Values for cr:; up to 15°82% glycerol are plotted in 
Figure A1, and solubilities at the concentration used here
The gas used was 99°5% pnre unsaturated nitrous oxide, 
liquid flow rate was kept constant for each run, and as before 
the rate of absorption determined by timing the absorption of 
a known quantity with a soap-film meter. Room temperature
from the gradient of the <f> - ,;/h plot (Figure 11). Correspondin
values of c* and L were increased in liquation 13 and the
diffusion coefficients calculated (Table 5).
(b) Discussion of Results
Diffusion coefficients are plotted against solution
concentrations in Figure 12.
The value of the coefficient in water at 20o0°C
—5 2determined here is 1.92 x 10 cm /sec. Few results are
-5available for comparison, but HUFNER'S value of 1.7^ 4- x 10 
cm /sec (ioCoTo vol 3? p* 63 is about 9.5% lower ; and the 
result of CULLEN and DAVIDSON (1.87 x 10~5 cm2/sec) 2.k% 
lower. This tends to confirm the latter result (for which 
an accuracy of 5% is obtained) and it appears that HUFNER’S 
result must be low.
obtained from the curve (extrapolated where necessary).
was kept at 20° i 0o2°C, and Jet lengths measured with a 
cathetometero
<p9 the rate of absorption of gas in moles/sec was 
calculated at each jet length h,
l
u
0% 
Gl
yc
er
ol
M
H
M
0 1, x* 00s/o  u  S0ioui-*iuS TK>jq.a:<xosqv
4  <H <A!<P HH
0
S ° 
o bo
fi\ fn *H '0-nj- pq pq
O
0  00 f i t
\<*vo
0  o
•©.H O t-
O C\J
& S K
4 t 0 4 t-J* 
cnrONoo oj fir
lAK^ OO LO T-
O M n m o o  o
o  t- in cm co 
co CM _4vx) co
O  t  r- v  CM C\1 S O  t- v  t- C\1 J O  v  t- t- *r-
o
° I
0O fi
0  <q o  
0  cm 
\ 0  FA 
O CM -P LA
o s  0  a -
0 r-r-vo lpiO 
cm v - t -  _4  fA  cn 
CM K \ 4  4 i n i T i
o  o  o  o  o  o
O  CM A  CO 00 
rA CM co -4^0 
CM mfA-4-4 I! 
O  O  O  O  O  S
-4 ‘ FA v  CM m  
cnoMAOMn 
-r- CM IA fA -4 "
o  o  o  o  o
o o o o o o  o o o o o i o o o o o
-Cl
*9
1 moo co co *r- cm 
FA A  CM MQ O  FAf o • ' 0 & o 0
T* V- CM CM 1A FA
j4mco FA v- |
_cr O  _4 co t- 0 6 0 0 0 I
•<r- CM CM CM FA
O  cm r^co 'r- |
o o e o o
V- cm cm cm ia j
p
-p d s  
0  0  
S  H
c
m
1I» IM 1 CM cn v- A- 
00 V- CM V  o  cn r o * o o • «
I -r- m m h - n o.. —■  j,. . ..... , , mm
1
i""- cm _4* cn fa | 
o  cm v  cn a -o o o o # !
cm _4mq A- 0  ^1
f
A-O v- m  FA \ 
At- CT\ A- A- 0 • 0 0 0 1 
V - 4 A A A  (
O r~i
W A
no O
H 04 ^ 0 0
Q1 O P  \  
H H  4 O O
O  co
S
P T “ ”  ' CO v-
•H O I co o CM
0  O S cr\ o O
d \ • 1 * 0
0  d o 1 -r- V
A  bb f
•5
9-
-ps~i fa .
d 0 o :
.
o • H 0 j; H
• H G 0 Is - 00 n OCO • H KM T~ cm dP P CM in  j o 0 OM 0
s ° T- r- o G0 o V- o >5•H O CM 3ft r H
p O P W  f o
.P
km
t-KM 
S'— - O 
° d t*
d d 
P !^q M
CD
O
X P? °o tio
Brd d  *H
'©rs* P P
4
o
k-o
m
-d
-d
m
LH
v ~
o
NM
-dLOo
o
cn
-do
o
KMJ-
0
o
f <p 
I ok3
0
do
! * H
~ f  -P
! 2
s r~'
°CQ
d
I <H
! o'CM
-{ td
I *J o 
i <h
I 0
•I -P
I d  
-j. 0
G o
0  CQ 
0 ,jQ
ra o
"©- H O -r- 
O CM S J25 W
CQ O  o p  o a 
0 <; o s
0 CM KM
\ o  in
O CM -P Is- 
O JZJ GS
KM LT\ CM CM OM 
K- O  v- -d LH
O O O O O
O v  v T“ v
o o m d n  | v-m-d-dm
h-O v KM-d f COCO O^v Pi
o O O O V- v-
r- -d oo -d in 
M-moo -dco 
v CM CM KM KMo o o o o
CM cm CM_dvo
cd -d Is- cm -d
-5— CM CM I'd KM
o o o o o
co co co mo r-
d O  CM K-CM 
v- CM CM CM KM O O O O O
O O O O O  : o o o o o  o o o o o
HI o
I *H 
<P
S °H
| 0 
8 O\ oj 
w
 
1
o kmcmcmo 
-den cm co v-6 6 9 G O
V- V- CM CM KM
cm rs- in v- o 
m  o -d" co v-Q 6 a o o
v- CM CM CM KM
cm o penco in O CM. CD V-0 0 0 0 9
V- CM CM CM KM
! .sI 0 
i d4 1 P•P I pfcj0 Is--dco CM v- O C M  v -  CO v O P-d-r-CD i. *H
-p d p s OMp-CM C M w !• 1^ WJ cU ft' 1 V Y~ v. Si i,1 H0 0  G * o o a o 0 0 0 0 6 o o o o o }■h> H ■r- km in pen CM -dco Is- CM 1 cm km m  p  o■V- o
6 G
\
\ dH G  v - ;■ OO \ n  _ <j V p o ? *HCQ■:> 0 o a  ° KM CM ! CM0 OH V O bd 0 o 9 1 d
d O d *H CM CM CM j H
P S M P P ... - - -- --- ! r*VH  G
H R  Ph
O
in
0
CM
Is-
-do
CM
o"dO
CM
r H
O
d
0
O
I—1
•P
•H Om o
0 ^  
P bo
CD o Is-0 0 0
KM 1 CD CMV : ‘T“ CM
■V- in
1
-d
m . -d ino o o
0 oV
-
T"
r->
K
C
tj
-P
do
o
m
0
H£>
C5
E--
2*
0
w
n
tn
M
M
M
M
M
Moos/ mo coi- x a nofsrg^fa
-61-
From the Stokes-Einstein relationship
Du = Constant 
T
it might be expected that the product Dp. for glycerol solutions 
would be constant at a constant temperature.
The viscosities in the experimental range covered here were 
determined at 20.0°C; and are presented in Figure A2P Appendix I 
Table 6 shows a ’tendency for Dp. to increase with viscosityP 
suggesting that a relationship of the form 
Dp,m = Constant 
might fit the experimental data better* From a plot of log D 
versus log p. (Figure 12a) a
Solution | p.
% Glycerol Vis* 
cp*
0
I|-o0
9.5 
13*6 
16*0 
22 o 7
1 .005 
1.139 
1 .307 
1.1+1+9 
1.681 
2* 003
Diffusion 
Coeff.
D x 1 0
2 , cm /sec
1 .92 
1 .69 
-I.U9 
1.37 
1.18  
0.995
Du ,
x 10'
A
1 .930 
1 .925 
1 .950 
1.985 
1 .990 
1.995
JJL
0.94
1 .001+ 
1.132 
1.288 
1 .1+22 
1 .61+1 
1 .936
4
Dp.0.94
x 10'
1.93
1.91
1.92 
1.95 
1.91+
1.93
Table 60 Investigation of Viscosity - Diffusion Coef ficient
R e 1 a t ionship
value of 0.91+ was obtained for the exponent of viscosity. The 
0.91+ .value of Dp. in Table 6 show no tendency to increase with
viscosityP and all values lie within 1.1% of the mean value of 
1.93 x 10-5.
Cl 
S
o
t
;
log (Viscosity)
4.70
■5.00
FIGURE 12A« PLOT OF LOG (VISCOSITY) -VERSUS LOG fi
FOR GLYCEROL-WATER SOLUTIONS AT 20^0
0.3
— „    ._  ^ ..........................
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5. EVALUATION OF THE LAMINAR JET TECHNIQUE
A most important feature of unsteady state methods for 
the determination of diffusion coefficients from absorption 
measurements is the requirement that the interfacial area must 
he accurately known. Uncertainties arise due to entrance and 
exit effects and rippling of the liquid surface* and since it is 
desirable to base a result under a given set of conditions of 
temperature* pressure* etc,* on more than one reading* the 
necessary change in flow conditions gives rise to a change in 
the above effects,, This work has proposed a technique in 
which exposure time can be altered over a considerable range 
x without altering the entrance and exit effects since the liquid 
flow rate is kept constant* and by using the gradient of the 
absorption curve rather than individual values of absorption* 
values of diffusion coefficient are derived from a change in 
absorption rate rather than absolute point rates of absorption. 
Other absorption methods use the total gas absorbed as a basis 
for their calculations and it is necessary to accurately assess 
the end effects and flow characteristics* usual 13?- in rather 
complex circumstances,
Other advantages include0,
(i) The effect of convection is minimised due to the very 
short exposure times which can be varied between 0,0005.sec, 
and 0,05 sec. With no other apparatus is this extreme 
flexibility in exposure time so easily obtained* and only with 
the rotating drum of DANCKWERTZ and KENNEDY can exposure times
-64-
as low as 0,008 secs, be approached,
(ii) Since the timing of a soap film is used to determine 
absorption rates* errors due to sampling and analysis are not 
introduced,
(iii) The method is absolute, requiring only a knowledge of 
the solubility of the gas in the absorbing liquid and has 
general application to all sparingly soluble gases. In cases 
where gas solubilities are not well established it may be 
necessary to determine them experimentally. The method is 
impracticable when gas solubility is high due to heat effects 
at the interface,
(iv) The apparatus is simple to construct and operate* 
although great, care must be taken in the construction of the 
orifice plate for the production of the yet since it is 
essential that the hole is accurately round and square-edged. 
The size of the absorption chamber makes accurate temperature 
control possible and permits measurements at high temperatures,
(v) Provided the apparatus is well constructed* diffusion 
coefficients can be determined to an accuracy of about 1% 
assuming the value for c#, the equilibrium solubility of the 
gas is correct. However* is should be noted that since the 
diffusion coefficient is calculated from the product c^/D* 
any error in c^ will produce the square of the error in the 
value of the diffusion coefficient.
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6. ABSORPTION WITH CHEMICAL REACTION IN..LAMI M R  LIQUID tTETS
The foregoing section has shown that it is possible to
regard the laminar jet apparatus as one capable of exposing
a stagnant liquid surface to a gas for very short periods of
time. The hydrodynamic properties of the system introduce no
difficulties* and as will be shorn below a value of the product
c^ hfD for a system in which chemical reaction is occurring can
be easily obtained. From this product it should be possible to
obtain fairly accurate estimates of the equilibrium solubility
cr? and the diffusion coefficient in a reacting system.
The system shorn for investigation was monoethanolamine -
water at 25°C, Since 1930 monoethanol-amine solutions have
been extensively used for the absorption of carbon dioxide* and
it was felt that further information on the system would be a
useful contribution. Also* published work on the reaction
mechanism exists enabling calculation of the reaction velocity
constant which is required in determining the value of c^’/D,
Since amine concentrations of up to 30% are commonly met with
in industry* solutions varying in strength from one-to five- 
molar will be examined,
Since the laminar jet provides an easily measured 
mass-transfer area* it is also possible to determine accurate 
mass-transfer coefficients.
(a) The theory of Absorption by Diffusion and Simultaneous
Chemical Reaction
As in the case of physical absorption* the absorption 
of a gas by a moving jet of liquid with which it reacts can be 
theoretically interpreted in terms of unsteady state transfer 
into a stagnant liquid provided hydrodynamic conditions in the 
jet are such that there is no movement of the liquid surface 
relative to the bulk* at least for the depth of penetration of 
the absorbed molecules.
The recent applications of VON WROBLEWSKI1S Penetration 
Theory due to HIGBIE1 and DAKCKiffiETSl4l+ assume that aftsr some 
period of time the interface is renewed by fresh liquid and gas. 
Since in this work it is intended to use pure gases* it is 
unnecessary to consider the effect of the gas film and the 
discussion relates to conditions on the liquid side only.. 
Elements of saturated liquid leave the interface and penetrate 
towards the bulk of the liquid] the times of renewal of these 
elements of surface can be assumed equal as in the HI G BID 
conc3pt* or to follow a statistical distribution according to 
DANCKWERTS,
DANCKWERTS^ has developed a mathematical treatment for 
the case of absorption of a gas into a semi-infinite liquid 
medium with which it undergoes a first-order or pseudo 
first-order chemical reaction, and where the following 
conditions apply.
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1• The liquid surface is continuously saturated math the 
solute gaso
2. Effects of convection can he neglected* For very short
exposure times this is a valid assumption*
3o The solute gas has limited solubility in the liquid*
I].* The diffusion of unreacted solute through the medium
obeys FICKS law of ideal diffusion*
5o At exposure? the concentration of the solute in the 
bulk of the liquid is zero*
Let k be the velocity constant of the first-order reaction 
between the solute and medium*
The rate at which a weight of solute Q crosses unit area 
of a plane at a distance x below the surface is given by FICK’S 
Law
dg> = -Dodc (110
dt dx
The rate at which chemical reaction destroys the solute
(per unit volume) is kc*
^Consider an element of unit area between the planes x
and (x + dx)* The volume of the element is then dx9 and the
following changes in its content of solute occur in time dt
Diffusing ins -D.dc. dt
dx
Diffusing outs -( D»dt(dc + d^c « dx))
< dx2 >
Reactings -kc.dx.dt
2Net increase of solute = -Dodc*dt + D*dt(dc + d c *dx)
dx dx ,2dx
-kcodXodt
dx2If this increase of solute Ms equivalent to an increase in 
concentration of dc gm~moles/cc* i.e. dc.dx gm-mole in the 
element of volume under consideration,, then
-  h e )
KnO0onO = dx.dt (d.d2c
dx2
dc = d c I o
dt , 2dx
(15)
The following boundary conditions apply
At the surface x = 0* c = c<> * for t ^  0
At the start of absorption* concentration of solute in the
liquid bulk is zero* and
c = 0* t = 0* for x y  0
and since the liquid can be considered to be of infinite depth
c = 0 for x = x5 t y 0
The differential equation (15) with these boundary conditions
is identical in form to that obtained for the problem of heat
conduction along a thin rod which loses heat from its perifery
at a rate proportional to its temperature. The solution of
this equation is given by CARSLAW and JAEGER^ and is
£ = exp (-x*/"( k/D)) erfc ( x - /kt)
c^
+' exp (xfA(k/D)) erfc x + -Vkt (16)
w a r  _y2
where erfc Z = 1 -erfZ = 1 - 2 ( e .dy
Jo
If (16) is differentiated with respect to x* and setting x = 0 
for the liquid surface
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(dc) = -c* V W d J( erf^ /kt- + e~kt
(dx) x = 0 ( f/wkt
from (1U) rate of absorption at the surface is
-D(dc
dt (dx) x = 0
and substituting from. equation (16)
dQ. = -Do -c^/Tx/S) ( erf/kt + e~~kt ) 
dt w t  )
= cr^'/Sk (erf/kt + er^  (17)
Twkt
Integrating, the quantity Q absorbed in time t is 
Q = c^rtI)7KT ( kt + /4- ) erf/IfT” + /(kt/w e”kt ) (18)
)
Rearranging to obtain a dimensionless quantity,
£ >TWVy - /(kt +[/% ) erf/kt + ;vrkt/7r e ) (18a)
c* ' '
For a range of values of kt, corresponding values of the
dimensionless quantity £ /*(k/D) can be calculated, and a plot
  c*
of kt against £ */(k/d) gives a curve which has an asymptote the 
c*%-
equation of which is
£ v w D T  = (kt +V4-) (19)
c^
Q = c-'/Dk (t +_± ) (20)
2k
Equation (20) follows directly from equation (18) since at
—ktlarge values of kt, erf kt is approximately equal to unity,e 
becomes negligibly small»
The error introduced by using the approximate solution (20)
instead of the exact solution is
% Error - Approximate Q, - Exact Q x 100
Exact Q
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= (kt +K) + VktJtt , ekt J x -j00
|(kt + %m) ert '/kt + '/(kt/V), e
The percentage error is calculated for a number of values of kt 
in Table 7° From this it can be seen that the error involved in 
using the approximate solution is less than 1.9% fof values of 
kt greater than 1. ________ ________________________
kt (kt + */kt I erf/kt (kt/v % error
1
2
1 
8 
16
1.500
2.500
1.500
8.500 
16.500
1 .000 
1.1-11. 
2.000 
2.828 
1.000
0.81270
0.95236
0.99532
0.99993
0.99999
0.20710 
0.10817 
0.02102 
0.00019 7 
2.5 x 10 '
1.90 
0.18 
0.09 
0.006 
negligible
Table /o Calculation of Error introduced by the Use of the 
Approximate Solution o f the.Absorption Equation
In the experiments on absorption of carbon dioxide by
aqueous monoethanolamine solutions described in this work, the
—1reaction velocity constants varied from 6,578 sec to 36,1-65 sec
and the exposure times from 3«18 to 17*60 milliseconds. The
-3
minimum value of kt therefore is A  1-8 x 10 x 6,578 = 22.9? und 
the error involved in using the approximate solution equation 
(20) is negligibleo •
App1ication of Theory _to Laminar Jet Apparatus
Q, the amount of gas absorbed per unit area at any time t is
given by ' .
Q = c* ^Dk (t + 1_ ) (20)
2k
N, the average rate of absorption per unit area'over the period 
t is given by
N = £ = c* -/5k (1 + 1 ) gm-moles/sec
t 2kt
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For a jet length h and diameter d,
Interfacial area = wdh
and the average rate of adsorption into the jet is
N x area = c^f(Dh) • vdho(1 + 1 ) gm-moles/sec
2k t
= <f>
0 = c:;''/(Dh) . vdho (1 + 1 ) gm-moles/sec (21)
2kt
If liquid passes through the orifice at a constant flow rate 
3
L cm /sec, the time of exposure t is given by
2
t = it d h sec 
UL ~
and substituting for t in equation (21)
0 = cW(Dk) vdh + c*t/"(D/k) o 2L
d (22)
At constant flow rate and jet diameter and otherwise constant
conditions, a plot of absorption rate 0 versus jet length h will
be a straight line with gradient
"jj&' = c£?f/(Dk) 7rd, (23)
h ;
Using the technique described earlier 0, the rate of absorption 
can be determined at various jet lengths and the value of ^
obtained from a plot of 0 against h„ Since, from (23)
c-VD = 6 • 1
h ml/k (24)
if k is also known, a value of the product c^fD can be
easily obtained.
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( b ) Considerations Regarding: Practical Application of Unsteady-State 
Absorption Theory
, In practice the theory developed above will often be
applied to systems where the absorbed gas does not react with
the liquid medium in toto* but rather with a component B in
solution in the liquid* and it is necessary to briefly examine
the effect of this.
(1) Depletion of Liquid-Phase Reactant
Since the highest concentration of.absorbed gas A exists
at the interface* the rate of reaction here is greatest* The
depletion of B du;: to reaction starts at the interface* and
after a certain time the concentration of B will drop to zero*
x and the rate of reaction being no longer proportional to the
concentration of A assumptions made in the derivation of the
W 5theory will no longer be valid0 VAN DE VUSSE has developed 
an expression for the "depletion time" i.e. the time after 
which the concentration of reactant B at the interface is zero*
At the larger values of kt encountered in this investigation 
his expression simplifies to
B + Ao
a :
i
where'A^ is the concentration of component A at the interface*
and B is the initial concentration of the liquid-phase reactant * o -1-
Rearranging equation (25)
ta = z • 1 (B + P 2
d it. k (a2 + ) (26)
i
and using as a first approximation A^ = equilibrium solubility 
of carbon dioxide in water* it is possible to calculate depletion
2n k ^ ' / it d (25)
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times fop conditions encountered in this investigation,
(i) For lowest value of B v ' o
Bq = 0*948 moles/litre monoethanolamine
k = 6,578 sec-
_2
A. = 3*30 x 10 moles/litre carbon dioxidei
;dt A = 2L •  1_ • (0. ?.2M + 1)2k 6,578 0,034
■t = 0*093 sec
(ii) For highest value of B / _ o _
Bq = 4.661 moles/litre
k = 38,463 sec ^
= 3.39 x 10“
■k* = 2 ■ • 1 . (ho661 + 1 )2
4 . 36,463 0.034
t = 0*465 sec
C l________ _ _ _ _ _ _ _ _ _  ■
Experimental exposure times varied between 0.0035 sec* and 
O0OI76 sec, well below the depletion times calculated above 
and it is concluded that in this respect the theory may be 
applied as derivedo
(2) Reaction-Rate Velocity Constants
In most cases met with in practice the controlling
reaction between the absorbed gas and the liquid reactant is
not strictly first-Order but of the type
Dissolved G-as + Liquid Reactant Products 
A B X
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which is a second-order reaction* However, in the case of
a moderately soluble gas being absorbed by a relatively
concentrated solution under conditions where the exposure time
is very short compared with the depletion time mentioned
above, then the concentration of B will always be greatly
in excess of A,
If in the above reaction a, b, and x are the
concentrations of dissolved gas, reactant, and product after
time t, the rate of reaction is given by
dx = k f(a-x)(b-x) 
dt
where k f Is the second-order reaction velocity constant having
the units of litres/gm-mole*sec* When b Is much greater than
a, the maximum value of x is a, so that b is much greater than
x, and (b-x) is approximately constant and equal to b. Under
these conditions the rate equation now becomes
dx = kfb(a-x) 
dt
and since b can be regarded as constant, this is the rate 
equation of a pseudo-unimolecular reaction in which k ?b is 
equivalent to a first-order reaction velocity constant*
In the context of equations (18) and(20) and their 
derivation, k is defined thus
kc = rate at which chemical reaction destroys solute,c 
being the concentration of solute* This definition will be 
used as the basis in the determination of the correct values 
of k to be substituted in equations (23) and (24)* For a 
second-order reaction having a second-order velocity constant 
k !
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k» = k*3 (units sec."
For a third-order reaction
(A) + (B) + (C)   Products
■ with a third-order velocity constant k* * 
k^ = k T? (b ) (C) (units sec
and if the dissolved gas is removed by simultaneous second 
and third-order reactions the overall first-order constant 
will be the sum of two pseudo-first-order constants thus?
k overall = k1 + k2 = k ' <B> + k '’ (B) (C)
7. THE REACTION BETT O N  CARBON DIOXIDE AND AQUEOUS
SOLUTIONS OF MQNOETHAI^LMIINE
(a) Mechanics _qf _the Reaction
This discussion will he limited mainly to the reaction
mechanisms of interest here? i.e. those near the beginning
of the absorption period when complete chemical equilibrium
is not attained and the monoethanolamine concentration is
greatly in excess of the concentration of carbon dioxide.
Amine concentrations are expressed in moles of total amine*
and were determined by titration with standard hydrochloric
acid using bromocresol green indicator.
The structural formula of monoethanolamine
H H
1 1  H
HO - C - C - N /
? ? N .
H
H H
shows the presence of two functional groups* the hydroxy (-OH } 
and the amino (-NH^)? both of which may contribute to the 
overall reaction between a solution of the amine and carbon 
dioxide.
When monoethanolamine is dissolved in water its solution 
shows an alkaline reaction since its basic strength is greater 
than the acidic strength of its conjugate acid* the 
monoethanolammonium ion. The basic dissociation* which has been 
studied by NATHS and PINCHING^ is given by
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RKE^ + KgO EHH+ + 0H~
Thus a solution of* monoethanolamine contains free amine,
monoethanolammonium ions, and hydroxyl ions, and the
concentration of hydroxyl is a measure of the amount of
free amine that has been-converted by the reaction (R1)
39into monoethanolammonium ion* BA.T.SS and PINCHING have
determined the value of the dissociation constant for
reaction (R1), and from this it is possible to calculate
the actual amounts of free amine and hydroxyl ion in a
solution of the amine, since this instantenous reaction is the
only source of hydroxyl ion*
If the activity coefficients of the reacting species can
be taken as unity, the equilibrium constant of (R1) is given 
39
K,o = (EHH +) (OH-) = 3.18 x 10-5 at 25°G
(HHHp'lHpj
Taking as an example a solution in which the total amine 
concentration is 2*036 moles/litre,
Concentration of H^O = 1*8.8 moles/litre, 
since this is much larger than other concentrations it can be 
regarded as constant and
(RNH,+) (o h -) = 3.18 x i+8.8 X 10-5
tMiL)
Let B = Concentration of undissociated amine o
Thus (OH-) = (RHH,+)
(B)
■3and (OH ) = 1.55 x 10
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Cross-multiplying and rearranging
(oh-)2 + (1.55 X 10-3) (OH-) - (1.55 X 10-3)
(Bo) = o
(B ) = 2,036 moles/litre and solving the equation 
(OH ) = Oo554 gm-ions/litre 
Therefore (B) = 1*981 moles/litre
The concentrations of free amine and hydroxyl ion in the
solutions used in this investigation are shown below
(OH-) |
Concentration % of Total
of Hydroxyl Ion Amine 
moles/litre Dissociated in
solution
B RNH00 2
Total Amine Free Amine
moles/litre in Solution
moles/litre
0*988 0*948
2*036 ■ 1*981
2*878 2*814
3 o938 3 *866
4*738 4* 661 i
0*0396
0*0554
0*0642
0*0721
0*0767
4.01 
2*72 
2*23 
1 #86 
1.62
Table 8* Concentrations of Free Amine and OH ion in 
solutions of various strengths at 25*0°C*
The mechanism of the overall reaction between aqueous
amine solutions and carbon dioxide has been studied by several
investigators^ 2,20,32,38 Qnd appears that there are four
main reactions by which carbon dioxide is chemically consumed*
(1) Reaction between dissolved carbon dioxide and water
forming hydrogen and bicarbonate ions
h2o + co 2 
h2co3 ^
^  h 2c o3
H+ + HCO
3
(R2)
(R2a)
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Reaction (R2) is very slow, having a velocity constant of
0o0257 litres/mole0 sec. at 25°C according to PINSENT, PEARSON 
3).
and ROUGHTON , and is followed by instantaneous dissociation 
of the carbonic acido The overall reaction is too slow to 
have any effect on the rate of absorption under the conditions 
considered here and will not be taken into account»
(2) The direct attack of molecules of dissolved carbon dioxide 
on the amino group of the amine forming monoethanolamine 
carbamate
RNH2 + C02 RKH C02 (R3)
This reaction has been studied extensively by JENSEN,
JORGENSEN and FAURHOLT who found a reaction velocity 
constant of 3*190 litres/mole„sec at 18°C, (5*^00 -litres/mole, 
sec at 23oO°C)o- In the view of JENSEN -^*^7 ^ue -j-jie parge 
concentration of undissociated amine present this reaction 
would be expected to be of primary importance in determining 
the overall reaction rate.
(3) Hydroxyl ions formed by reaction (R1) Ttrill react with free 
amine to form an alkylate ion
RNH2 + OH" ~0.CH2 NH2 + H20 (Rl+a)
which reacts with carbon dioxide to form an ester of carbonic 
acido - _
C02 + O.CHg.CH .NH2 ^  "*00C0CH2.CH2NH2 (Ri|k)
The rate of this reaction has not been studied 
specifically for the carbon-dioxide-monoethanolamine system,
but the analagous reaction for diethanolamine has been studied
33 l± r
by JORGENSEN who found a velocity constant of 3 x 10 (Litres)^
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p o
/ (mole) ‘.sec at 25*0 C, expressed as a third-order constant 
in terms of amine, carbon dioxide, and hydroxyl ion 
concentration. This is based on the assumption that reaction 
(RUa) reaches equilibrium instantaneously.
(l|) Reaction between carbon dioxide and hydroxyl ion
C02 + OH" 5===v HC0~ (R5)
followed by the instantaneous reaction
HC03~* + OH” CO"" + HgO (R5 a)
Reaction (R5) bas been studied by PINSENT, PEARSON and 
ROUGHTOIT^ who found the velocity constant to be 8,300 litre 
/mole.sec. at 25*0°C<>
It should be stressed that the carbamate formed in 
reaction (R3) is not chemically an equilibrium product since 
an appreciable amount of carbonate will be formed after a time 
and finally an equilibrium will be established where both
36
.carbamate and carbonate are present , the equilibrium being 
governed by the equation
H 2 0 + RNIiCOO" = = = = =  R N H 2 + H C 0 ~  (R6)
The equilibrium constant for this reaction
Ke(l = (RNH?) (HC0~)
(rn h c o o-)
has a value of 10 71 according to JENSEN and FAURHOLT33. In
the presence of excess amine, however, the carbonate reaction 
(R3) will proceed at a rate independent of (R6) and can be 
regarded as pseudo-unimolecular 36,37*
(b) Calculation of the Reaction Velocity Constant for the 
Overall Reaction
From the foregoing it appears that the rate of absorption 
of carbon dioxide into a laminar jet of aqueous monoethanolamine 
will be governed by the three simultaneous reactions.’
RNH + C02 -=i RHH C02 (R3)
(velocity constant k, = 5»U00 litres/mole.sec.at 25°G)
OH- + C02 ==^ HCO" (H5)
(velocity constant k_ = 8,300 litres/mole.sec. at 25 C)
RNH2 + OH- + C02 ^=^_OOCOCH2.CH2.i5H2 + HgO (Rif-)
Ll 2 2 o(velocity constant = 3 x 10^ litres /mole .sec.at 25 C)
The rates at which carbon dioxide is consumed by each of these
reactions are
j
Reaction (R3) k1 •(KRH2).(C02) k1 (C02)
(R5) k2 .(o h “).(C02)
t
k2 (C02)
(RU) k3
.(e b h2).(0H“)(C02) = k3 (C02)
and k the overall first-order reaction velocity constant is
? t ?
k = k 1 + k 2 + k
so that the rate at which chemical reaction destroys the 
solute is kCcOg) as required by the theory»
From the concentrations of free amine and hydroxyl ion 
in Table 8 it is possible to calculate the value of k at the 
concentrations used in these experiments; and also the 
relative proportions of carbon dioxide involved in reactions 
(R3), (RU) and (R5) since if
5=. wto of CO^ involved in reaction (R3) 
w ' , = " u ti i» it n (R5)
W = It ft ti H Jt tl (R4)
3
W1 ■ = _  A  -______
v v a  *; +t 2 + fc; ~ '
similarly for W0 and . It should he noted that these
2 3
pseudo-unimolecular velocity constants strictly apply to the 
initial rate of reaction only* hut in view of the short 
exposure times and relatively high concentrations of amine 
the error involved is unlikely to he significant.
A specimen set of calculations are presented helow for a 
total amine concentration of 2.036 moles/litre; the results for 
all other concentrations are summarized in Table 9»
For 2.036 molar amine solutions
Free amine concentration = 1.931 = (RFH^)
Hydroxyl ion concentration = 0.055h = (OH )
k' = ^(ENHg) = 5.1+00 x 1.981 = 10.700 sec-1
k' = k2(0H_) = 8.300 x 0.055U = 1+65 sec
k !3 = k,(0H") (ENH2) = 3 x  10^ ' x  0.0551+ x  1.981 = 3.920 sec-1
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As a check on the values of k in Table 9 9 reference was
12made to a paper by ASTARITA who expresses the initial
reaction rate r by the equation
r = (M50 + 270Bq "*• + 980B^- ) (Bo) (C02) at 21 .5°C
where B = intial concentration of amine. o
Calculated values of (i+i 50 + 270Bq/^  + 980Bqa’ ) (Bq)
corrected to 25o0°C are presented in Table 10* and may be 
compared with the values for k in Table 9*
Concentration of k (this work) in 50+270Bo^ +980B^-) (Bo)!
sec ^
Dif:
Total Amine -1 %
(Moles/litre) secProm Table 9
0.988 6,578 6 *900 ko6
2.036 10455 15 91 00 koC
2.878 21,160 22*200 h.6
3.938 29,881 31?600 5 o3
1+.738 36,465 39?000 6.1.![
j .....
Table 10.' Values of Velocity Constant k compared with
1 2corresponding values from Equation of Astarita .
Agreement between the values is quite good* although 
ASTARITA’S values average approximately 5% higher than the 
values calculated for this work. Since there is no 
explanation of how his rate is arrived at it is not possible 
to comment on the difference.
A65 
2U.A55
3o2% 
22.8 %
x 100
On 
o> 
O 
O'-
,
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CHEMICAL ABSORPTION - EXPERIMENTAL RESULTS AND INTSRPRETATION 
OF DATA
(a) Determination of c-VD values
It has been shown earlier that the rate of absorption
of a gas by a laminar jet under conditions where the gas
reacts with a aomponent of the liquid phase is given by
(p = c;^/(Dk) , 7T dh + c#'/(D/k) • 2L (22)
d
At constant flow rate and jet diameter a plot of absorption 
rate <p versus jet length will give a straight line of gradient
(23)
(21+)
Thus if the absorption rate at various jet lengths is 
measured and k the reaction velocity constant for the reaction 
is known, a value of the product c:A/D may be obtained from 
equation (24)*
Experiments were carried out in a constant-temperature 
room controlled at 25 + 0o2°C, and water-baths were held at
this temperature» Solutions of approximately the required 
concentration over the range one to five moles were made up 
by adding de-ionized water to re-distilled monoethanolamine 
in the air-tight feed storage tank, the actual concentrations 
being determined by acidimetric titration* The laminar 
jet apparatus v/as as described for the experiments on 
physical absorption.
-  c^W~(Dk) nd
h
Rearranging
c-^D = .6 • 1
h 77 d'Tk
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_2
with a jet diameter of 8.20 x 10 cm. and jet lengths between 
1.90 and 8*55 cm* Flow rate through the orifice was kept 
constant at about 2.50 cm /sec and was accurately determined 
at each concentration run by timing the discharge of one litre. 
Sates of absorption were determined by means of bubble flowmete 
and jet lengths measured with a cathetometer to 0.005 cm.
The re-distilled monoethanolamine which was supplied by 
The Distillers Company Limited, boiled over a range of 0.8°C 
and was estimated to be 99»9% pure by acidimetric titration 
using bromocresol green indicator.
Viscosities of amine and carbamate solutions were 
determined by means of an FPL - calibrated Stokes viscometer 
in a water-bath at 25°0°C. Carbamate solutions were prepared 
by bubbling air.containing 10% CO^ through the corresponding 
amine solution held at constant temperature in a water-bath.
A specimen calculation for 0.988 molar amine solution 
is given below?
Solution 0.988 moles/litre total amine
Room Temperature 25 0°C
Atmospheric Pressure 751 mm Hg
—2Jet Diameter 8.20 x 10 <
■z
Liquid Flow Rate 2.64 cm /sec
Solutn Jet Length Time in sec*to Absorption rate of &
moles/litre h cm* Absorb 7cc C0o co9 h
Amine from graphcc/sec
■ / I
moles/isec <fi
2.036 2.2+8 32. h 0.216 0*87 x 10^~ 3.18 x 10"
3*86 22.2 0*315 1 * 27
i-!_ 0 71 26.2 (1000) 0*382 1o54
5*59 23.2 0*^31 1.74
6 049 18.9 0*528 2.13
8*0 5 15.8 0*632 2*55
2.878 2,61 31.0 0,226 0*91 x 10~5 3.38 x 10f'
3*50 22.6 0*310 1.25
4.76 25.2 (1Oco) 0*397 1 .60
6.00 20.1 0*496 2*00
7.06 16.6 0*602 2*43
8*55 13.8 0*724 2*92
3.938 1*90 h h . o 0*159 0*64 x 10~5 3*44 x 10"
3*01 26.6 0.263 1.06
■ \ 4.41 25.3 (10c c) 0*395 1.59
5*52 21 .2 0*471 1*90
6*75 16.8 0.585 2.36
8.03 14°4 0*692 2.79 i
4.738 2.06 36.7 0.191 0.77 x 10"5 3.34 x 106
2.39 33.2 0*211 0*85
j 2.81 27.9 .0*251 •1 *01 i
4.14 28.0 (1Occ) 0*357 1*44 |? *
I 5*92 19.9 0*502 2*02i 7*16 16.7 0*598 2.41 \
i i . .. . rw.T^..,. . - . i, r, ,T- - i _ - - - .1 ^\
Table 1.1 Experimental Results - Absorption of Carbon Dioxide in 
monoethanolamine Solutions at 25°C
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Jet length, Time to absorb 7cc Absorption Rate of C0„
h c m * _____ of COp and 25 C,751 mm cc/sec Moles/sec(0)
2.48 43.5 0.161 0.65 x 10 '
3.56 31.4 0.223 0.90
5.01 20.5 0.342 1.38
6.00 25.8 (10 cc) 0.387 1.56
6.93 22.7 " 0.441 1.78
8.55 18.4 " 0.543 2.19
The absorption rate cj> is plotted against the jet length h in 
Figure 13.
Gradient of 0 - h line = ^ = 2,56 x 10 ^
From equation (24)
c ^’7D = ^ • 1
tt d7k
-1From Table 9* 7k = 81.1 sec for 0.988 molar amine
cc% rD = 2,56 x 10 ^ z 1
'j x 8.20 x 10 x 81.1
= 12.25 X 10
Experimental results for other concentrations of amine are
presented in Table 11, and plots of </> versus h in Figures 14*1
and 160
Calculated values of c^ /l) appear in Table 12,
r Solution i . ^ , ~-6 | 7k j r B
moles/litre ^ from Table 9 C' X
j amine j prom gpap^ j
-+
i 0.988 I 2.56 I 81.1 12.25
| 2.036 | 3*18 j 120.2 | 10.25
j 2.878 3.38 j 145.5 ! 9.06
I 3.938 3.44 172.9 7.75
4.738 j 3.34 J 190*9 j 6.80
Table 12. Evaluation of Product c^TD for COp -
o
Monoethanolamine at 25.0 0
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(b) Discussion of Results
(i) The Significance of *Physical* Solubilities in 
Chemi c al JRe ac t ing Syst ems
The estimation of rates of absorption of a gas by a
liquid with which it undergoes chemical reaction involves a
knowledge of the quantity cs?, the concentration of
’’physically" dissolved gas in equilibrium with the liquid and
the partial pressure of the gas above it* While it is possibl
U  rm  various ways to obtain the value of the product c*nD9 at 
present it appears that there is no method available for the 
direct determination of either c* or D and these are usually 
estimated indirectly or by empirical methods0
It is necessary to examine the mechanism of interfacial 
transfer accompanied by chemical reaction in order to obtain 
a clearer picture of the physical significance of ; the 
mathematical.significance is that its value gives a measure 
of the number of molecules of gas available for chemical 
reaction,, In'general, the rate of gas absorption is controlled 
by one of the following types of mechanism;
(1) The dissolved gas ionizes and then reacts with one or
more components of the liquid medium.
(2) Undissociated molecules of dissolved gas react with
ions present in.solution*
(3) Molecules of dissolved gas react with non-ionized 
molecules in the solution,,
-94-
The following discussion relates specifically to the third case but
can also be applied to the other two. Provided the reagent in the
liquid medium is not markedly surface-active it can be assumed that a
freshly-formed surface of the solution will consist of molecules of
reagent and molecules of water approximately in proportion to their molar
concentrations. On exposure, gas molecules, condense on the surface
at a rapid rate which can be predicted by the Kinetic Theory, saturating
the surface almost instantaneously; and a condensing molecule can either
strike water in which it will dissolve, or strike a reagent molecule
with which it will react. If it can be assumed that the rate of reaction
between molecules in contact is instantaneous, then it is possible to
regard the liquid surface as a solution containing physically dissolved
gas and reaction product where the concentration of the former will
depend on the salting-out effect of the reaction product plus any other
ions present, and the concentration of the latter on the original con-
*
centration of the liquid reagent. The required value of c therefore 
will be the solubility of the gas in a solution of the reaction 
product of the controlling reaction. This 'product Layer* may 
be extremely thin - possibly one or two molecules in depth and 
at the start of absorption will have no holding capacity in 
the context of mass transfer, but its existence would mean 
that the significant viscosity for purposes of mass transfer 
would be that of a solution of the product rather than that of 
the unreacted absorbing solution. In many cases there is no
-95-
significant difference between these viscosities9 -but
solutions of monoethanolamine carbamate are considerably
more viscous than solutions of unreacted monoethanolamine»
The values of c^/D obtained above will be used to
investigate certain aspects of this theory*,
(ii) Estimation of Diffusion Coefficients
The usual procedure for the estimation of gas diffusion
coefficients in solutions is to use the diffusivity of the
gas in water and to correct for the viscosity of the solution
and if necessary the temperature by means of the Stokes-
Einstein relationship
Du = Constant 
T
This presupposes that diffusivity is dependent on viscosity and 
temperature and independent of any other effects of the 
liquid medium or chemical reaction*. In the absence of further 
information these assumptions will be applied here*.
Solutions varying in concentration from 1 to 5 moles 
were prepared and analysed for total amine by acidimetric 
titration,, Corresponding "carbamate” solutions were made from 
these by passing air containing 10% of C0^ through the amine 
solutions held at 25«0°C in a water-bath* Viscosities at 
25«0°C were measured by means of an KPL-calibrated viscometer
koin the usual way , and densities of all solutions were 
determined* Diffusivities were calculated by the 
Stokes-Einstein relationship using the data
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7 -5Diffusivity of Carbon Dioxide in water = 1.97 x 10
cm/sec at 25°C
Viscosity of.Water( 2+1) = 0.8937 cp at 25°G
Then, D' = 1.97 z 10 x 0.8937
|-.l ?
where D ? is the diffusion coefficient in a medium of viscosity^
Results are presented in Table 13 and diffusivities plotted 
versus total amine concentration in Figure 17? from which, 
values corresponding to amine concentrations used in the 
\ absorption experiments can be obtained,,
Cone.of Amine Solutions ! Carbamate Sols.
Amine
moles/
litre
Density
gm/ml
Viscosity
CP
Diffusivity I
2 5 
cm / secxl0
Density
gm/ml
Vis.
cp.
Diffuse
2
cm sec 
x 105
1.0 2 k 
2.012 
2.981- 
3.973 
i+.989
1 .001 
1.002 
1 .003 
1.001*. 
1 .005
1 ,08 
1.30 
1.58 
1.95 
2 .k5
1.61*.
1.35
1.115
0.905
0.72
1.039 
1.077 
1.111*. 
1.153 
1.191
1.16 
1.90 
1.90
2 okk 
3.2 5
1.52 
0.93 
0.93 
I 0.72
! 0.5U}
Table 13j>_ Densities, Viscosities and Diffusion Coefficients 
of Aqueous Monoethanolamine and fCarbamate* Solutions
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Values of c?^ -are calculated using diffusivity values
from Figure 17 and values of the product cfV D  from Table 12,
Results are presented in Table 1k.
Cone, 
of Amine 
ml/litre
0,988
2o036
2.878
3.938
4.738
Ad
Using nmine Diff, trr
8
c 10 
(Tab.12)
12.25
10.25 
0.96 
7.75
6.80
D
2 , 
cm /sec
5
x 10^
1.65 
1.34 
1.13 
0,91 
0.76
Vd
x 103
4.06 
3 • 66 
3.36 
3.02 
2.76
gm moles/ 
cm x 10
3.02
2.80
2.70
2.57
2.46
Using Carbamalse Solns.
D TrP c*
2/ cm /sec
3
x 10^ gm ml/cf 5
x 10^5x 10^
1.53 3.91 3.14
1.17 3.42 3.00
0.95 3.08 2.94
0.72 2.68 2.89
0.57 2.39 2.84
Table 14. Calculations of c^. the Dquilibrium Physical 
Solubility of Carbon Dioxide in Monoethanolamine Solutions
The effect of a dissolved subatance on the solubility of 
a gas in its solution can be expressed in the form
log c£ = -ml (25)
C’S«
W
where c# represents the solubility in waterP m is a constant
for the system., and I the ionic strength of the solution.
Table 15 gives the values of logc£ (corrected to 760 mm p.p
cw
of 00^) and the ionic strengths of the amine solutions. A plot
of log c£ versus ionic strength is shown in Figure 18 for
c**w
values of c# calculated on a basis of amine viscosity and 
1carbamatefviscosity
—  99—
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-4.0
-6.0 L
log c*x 102
c? —w
— 8.0
- 10.0
- 12.0
Carbamate Basis
AmimeBasIs
-14.0L
FIGURESS, PLOT OF log cf VERSUS IONIC STRENGTHS OF AMINE SOLUTIONS
■100
Concentration. Ionic Strength. Amine'Viscosity Basis Carbamate Vis .Bat
of Amine gm-ions/litre C& log c# c& log C*
moles/litre °*w
c#
w c*w c%
O.988 0.0396 0.931 -0.031 0.965 -0.016
2.036 O.055I4. 0.861 -O0O65 0.924 -0.034
2.878 0.06U2 0.831 -0.080 0.905 -0.043
3 = 938 0.0721 0.791 -0.102 0 0 888 -0.052
U.738 0.0767 0.755
'
-0.122 : 0.872 -0.059
Table 15* Ionic Strength and log
W  
C v
for Amine Solutions
Figure 18 shows that the log ^  vs I plot for c* calculated
c ‘ w
on a product viscosity basis is a straight line" where as if c* is 
calculated on the basis of original amine viscosity the plot is a 
definite curve. While this cannot be taken as proof of the 
’product viscosity’ theory it is as least a strong point in its 
favour3 and diffusion coefficients here will be calculated on this 
basiSoFrom the Figure ' the gradient of the log vs, I plot has
c V
a value of -1. 11, and c*, the physical solubility of carbon dioxide 
in monoethanolamine solutions can be expressed by
= 1.11 I
w
log &
for monoethanolamine solutions in the range one to five molar, and
COg partial pressures of 780 mm. The extended line does not pass
through the origin as demanded by equation (25) in fact it indicates
a solubility for carbon dioxide of 3*59 x 10  ^gm.moles/sec at 25°0
~5compared with the actual value of 3*39 x 10 gm.moles/cc; it is 
assumed that this is due to experimental error.
101
(iii) gate of Mass Transfer
Mass transfer rates are usually related to driving force 
in accordance with the relation
Na  = ^  (c- - c0) (26)
where 2
N. = Average absorption rate (moles/sec»cm )
= Average liquid-side mass transfer
coefficient (diu/sec) 
c* = Equilibrium concentration of gas in bulk
-Z
of liquid (moles/cm )
In the system under sonsideration CQ in zero and (26)
becomes
b
from which
N a =
h  = h  (27)
C<v
Since the true value of c* is often difficult to obtain in
practice the equilibrium solubility of the gas in water is
often used in determining the value of the mass transfer
coefficient., Denoting this solubility by c*
kf = N, (28)
L ~
* w
Values of the mass transfer coefficient can be determined from the- 
absorption measurements carried out above as follows”
The plots of <fi (the absorption rate in moles/sec) versus
jet length h give a value of ^ which is a measure of the
h
absorption rate per unit length of jet. Since
-o
Jet diameter = 8.2 x 10 cm
-102
Mass transfer area per unit length of jet
-2 2 = 7rx8<>2x10 x 1 cm
= 0o258 cm^/cm
and the average absorption rate given by
= iL, “ 0o258 moles/sec#cm^ (29)
A h
Using this relationship and the values of from Table 12,
h
values of and have been calculated in Table 16 for
various strengths of amine solutions, and a plot of mass
transfer coefficients versus solution strengths is shown in
Figure 19°
Solution |
--- -"T*-
^ X 10
.....:.5.->
NA x 10°
A 2 
ml/secocm 
(Egn»29)
5 *c- x ±0 D \ C^ X 105 |
ml/cm^ | KStrength ■
moles/litre
Amine
h
(Table
12)
ml/ cm^ 
(Table
14)
JU I
cm/ sec cm/ sec
0.988 2 o56 9-93 3-14 0„316 . 3-24 0<i297
2.036 3° 18 1 2 #30 3-00 0.410 w 0-368
2.878 3-38 13-10 2 o94 0.446 5? 0*392
3.938 3-44 13-33 2.89 0.461 5? !0-399
4.738 3-34 ^2.95 
1 __
2c84 0.4 56 tf 10-388
Table 16. Calculation of k. , k_* for C0~ - Monoethanolamine c L and h 2
at 28.0 C and 727 mm p.p.
Figure 19 shows that maximum values of the mass transfer
coefficient occur when the concentration of monoethanolamine is
hs
approximately Ip-molar, i.e. about 24%° It has been stated 
that the choice of amine concentration for commercial plants
is quite arbitrary and is usually based on operating experience,
l±R 46
but surveys by FEAGAN and HEED and WOOD indicate that
concentration of 15-20% is typical and values as low as'10$ ..
or 
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U7and as high as 30% are not unusual. CRYDER and MAHONEY in 
their work on diethanolamine found that the overall mass transfer 
coefficient increased with concentration up to about 3“Normal 
and then decreased above this due to viscosity* Although
c ;
this work indicates that a L(.-Normal solution will give a 
maximum mass transfer coefficients, it appears that corrosion
1.3
increases with increasing concentration, and the recommended ‘
strength of 13% has probably been arrived at with this in mind*
Comparison with Results of other Investigators *
The results obtained.in this investigation are not strictly
comparable with other work on the absorption of carbon dioxide
by aqueous monoethanolamine solutions since the exposure times
are shorter and the range of concentrations wider than those
20encountered in similar incestigations by EMMuRT and PIGEORD 
and ASTARITA12 (see Table 17)
Investigator Apparatus
i
Exposure Times IRange of
sec. x 10^ Coneentrations
moles/litre
Emmert and Short Wetted- 60 - 200 0*1 j,0o5;>1 o0,2o0
Pigford’ (20) Wall Column
Astarita( 12) • Liquid Jet 20 - 72 0o 25* 0*50,1.00
Astarita (12) Disc Column 17 to 73 0.23? 0.30,1.0
This work Liquid Jet 3«5 to 18 0*988 to Z+.738
Table 17« Comparison of Conditions for this and similar
investigations _  
The exposure times used by these workers are of ~the ’order
of the depletion time, and thus their results cannot be
lixuoi'preteo. oy equation 22)
6 = o* <f{Hk)ir<Bi + c*V(DA) .2, (22)
d
since a pseudo first-order reaction between gas and solvent 
cannot be assumed5 and the mass transfer coefficient will vary 
with timeo
13It has been shown that for a rapid second order reaction
of the form
A + nB G
f
the ratio of the film coefficients with reaction to that
without reaction is approximately given by
_ V(D.D ) (1 + D Bo )
J  " A B  ( £  (30)
L
and these investigators have expressed their results in terms
of equation (30)• Their results show the effect of amine
concentration on the ratio Q empirically, thus
k L
i" ’ 20
= 0.077 + 1 0 p 8 B  + (Smmert and Pigford)o o o
k T t :L cr*n
\  = 3.78 + 12.5 B - 1.80 (Astarita, jet)12
1 0 '
L
As these authors state Sthese empirical relationships apply only 
to the conditions of their experiments;since they imply that 
mass transfer coefficients will increase with increasing amine 
concentration,which is not the case with monoethanolamine 
concentrations above U - Molar.
-1 06-
Using equation (30) EMMERT and PIGPORD have calculated 
values for c*s the physical equilibrium saturation 
concentration of carbon dioxide in monoethanolamine solutions 
and found values approximately three times the solubility 
in water. This is unlikely to be the case and the values for 
c# obtained from this work are more realistic.
.SUMMARY AM) CONCLUSIONS
A preliminary survey of methods previously available for 
the determination of gaseous diffusion coefficients in liquids 
showed that there was room for a more accurate and more 
convenient method. This work proposes the application of the 
recently developed laminar jet apparatus to this field and 
operation of the apparatus so that the significance of entry 
and end effects is reduced to a minimum, since it was noticed 
that a range of contact times could be obtained without altering 
the flow characteristics of the system.
The laminar jet apparatus designed,and built by the author 
embodies the best features of six jets described in the 
literature over the past seven years. It is simple to construct 
and operate and is capable of investigations over a wide range 
of temperatures. The original concept of ensuring constant 
entry and end effects by maintaining a constant flow rate enable 
the significance of these effects to be minimised.
Constructional adequacy and suitability of mathematical 
theory was demonstrated by measuring absorption rates of 
carbon dioxide into water at 25.0°C and one atmosphere total 
pressure. Under these conditions where the equilibrium 
solubility c^ 5 and the diffusion coefficient are accurately known 
the experimental rate of absorption was less than 3 % below the 
calculated rate. The gradient of the (absorption rate) versus 
(square root of the jet length) line which is the basis of the 
determination of diffusion coefficients by this method was only
-108-
1% less than the theoretical value.
The apparatus was used to determine diffusion
coefficients of carbon dioxide in water over a range of
temperatures from 18.5°C to 75o1°C. The results agreed with
the Du = constant (Stokes-Einstein) relationship to 
—
within i 2 %, and if it is accepted that the diffusivities 
can be described by this relationship, it follows that the 
diffusion coefficient is independent of concentration since 
the latter varies 500% in this range. Comparison of results 
with those of five other investigators show good agreement. 
Diffusion coefficients of nitrous oxide in water and
solutions of glycerol up to 22.7% glycerol were also
o -5 2determined at 20.0 C. The value of 1.92 x 10 cm /sec for the
diffusion coefficient of nitrous oxide in water at 20.-0°C is
2 % higher than CULLEN and DAVIDSON’S value of 1.87 x 10~5 
2cm /sec for which an accuracy of 5% is claimed; and 9*5%
■*"5 2higher than HUFNER’S value of 1.74- x-10 cm /sec reported in
1875* In view of the supporting evidence of CULLEN and
DAVIDSON*8 result,'HUFNER* S value may be assumed to be low.
The relationship between the diffusion coefficient .
in solutions of glycerol and the viscosity can be expressed
in the form n q'i
Du = Constant
Values obtained in this investigation conform-to this
+relationship to within - 1.1%.
The apparatus was also used in an attempt to estimate
diffusion coefficients in the chemically reacting system
carbon dioxide-monoethanolamine over a range of amine
concentrations from 0.988 to ii-,,738 moles/litre- The theory
of absorption with reaction into laminar jets is developed
from Danckwert’s treatment of the penetration theory, and
diffusion coefficients calculated on a basis of product
viscosity rather than the usual solution viscosity basis
produce values of the ’physical! equilibrium solubility c^
which appear reasonable and conform to the relationship
log cl __ i o 11 I 
oliw
where I is the ionic strength of the solution,, The depletion 
of liquid-phase reactant at the interface is also1 examined.
The mechanism of the reaction between carbon dioxide and 
aqueous solutions of monoethanolamine is discussed and the 
pseudo forst-order reaction velocity constant calculatedo It 
is shown that the carbamate reaction 
ENH2 + C02 = RNH2C02
is of primary importance? and that between 68*8% and 78.0% of
the total carbon dioxide is consumed by this reaction. The
reaction velocity constants are approximately 5% lower than
12those calculated by ASTARITA for solutions up to 1.0 
moles/litre concentration.
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Two liquid-film mass-transfer coefficients have been determined 
from the experimental results; one is the true coefficient 
calculated on the basis of the physical solubility of carbon 
dioxide in monoethanolamine solutions* the other on the 
usual basis of the gas solubility in water. On a plot of 
transfer coefficients versus amine concentration a maximum 
value is obtained at a concentration of approximately
moles/litre or 2l$> amine. A similar maximum was observed 
at 3 moles/litre by CRYDER and MALOEEY^ in their investigations
into diethanolamine. The results obtained here cannot be easily
_ 20 compared with similar investigations of EMMERT and PIG-EORD
12and ASTRIRITA since the exposure times here are shorter and 
the range of concentrations greater. These authors however 
express their results in a form which implies that the ratio 
of the chemical transfer coefficient to that of the physical 
transfer coefficient increases with amine concentration* which* 
in the light of information obtained here will be true only 
up to concentrations of less than ip-molar.
Accuracy>^of Results.
In the case of physical absorption with the laminar jet 
it appears that the product c^ '/D can be obtained with an 
accuracy of about 1%. In calculating the diffusion coefficient* 
a value for gas solubility c# is required* and an error in this 
will produce the square of the error in D. In the case of 
chemical absorption* the accuracy of the c WD is subject to the 
accuracy of k, the reaction velocity constant* and furthermore
-111-
the accuracy of D will depend on e:^ .
Suggestions for Further Work on Diffusion with the Laminar
With the establishment of the apparatus as an accurate 
method of determining diffusion coefficients* there are many 
systems to which it could be applied. (l) The effect,of 
adding various percentages of an inert to the gas phase should 
be examined
(2) The effect on gas diffusivity of various inerts* soluble* 
colloidial or in the form of a suspension in the absorbing 
liquid could also be of interest.
(3) Application to a wide range of gases and liquids would 
enable an analysis of the relationships between- diffusion 
coefficient*- liquid viscosity* and temperature to be made.
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INTRODUCTION
The most convenient existing methods for the determination
of diffusion coefficients of gases in liquids which involve
measurements of mass-transfer rates under unsteady-state
conditions suffer from the inherent disadvantage of requiring
flowing systemso While the laminar-jet apparatus described
above has been shown to provide an accurate means of
determining diffusion coefficients* the presence of entry and
end effects and slight deviations from ideality in flow are
undesirableo Furthermore* the accuracy is strongly dependent
on the degree of accuracy with which the gas equilibrium
concentration c# can be determined»
Heat effects due to solution at the interface also present
a problem* since although the rate of dissipation of heat by
conduction into the liquid bulk is rapid* it is probably of
the same order as the contact times met with in absorption
apparatus, In the case of moderately soluble gases the overall
effect will be slight* but in the case of more soluble gases
this may not be the case0
Absorption of a gas into a completely stagnant liquid would
eliminate the disadvantages of a flowing system* and if the
absorption period was of the order of 5 - 6 0  minutes major
heat effects would disappear before measurements were commenced,
(in the case of the absorption of carbon dioxide into water at
51atmospheric pressure* HARVEY and SMITH concluded that heat 
effects at the interface died out about 5 seconds after
-115“
admission of the gas). In the optical method developed here
a knowledge of the gas saturation concentration is not required
for calculation of diffusion coefficients.
The determination of diffusion coefficients hy an c,
examination of concentration distributions and concentration
gradients across a liquid-liquid interface by optical methods
is well known; the most interesting basic methods are due to 
50LAMM and G-OUYo The latter has recently been examined by
55 51±THOMAS and FURZER 9 who programmed a computer for counting
the interference fringes, but both methods are unsuitable for
application to the extremely dilute solutions that would be
met with here, A recent method using birefringence
56 57interferences introduced by INGELSTAM 9 and later developed
by BRYNGDAHL57958960 has the advantage of being applicable to
extremely dilute solutions. In spite of the recent advances in
5? 58diffusion-cell design the difficulty of forming a sharp
interface between a liquid and a solution of a moderately 
soluble gas is obvious, and it was decided here to attempt to 
determine diffusion coefficients of gases in liquids by applying 
the shearing interferometer to a system containing a gas-liquid 
interface.
As will be discussed later, refinements in experimental 
techniques and an extension of the mathematical theory allow 
determinations to be carried out with great accuracy, but the 
primary purpose of this investigation is to establish the 
feasibility of determining diffusion coefficients in this manner.
-116-
DESCRIPTION OF APPARATUS
(a) General, Layout
In principle the optical system is similar to that
57described by BRYNG-DAHL * the general layout is shown m  
Fig, 20 and Plate 3° All components were mounted on a 
3-metre triangular section steel optical bench equipped 
with levelling screws* resting on a supporting bench 
consisting of two 10 ft. long 5-inch I-sections bolted to 
threeconcrete pillars, The whole assembly weighing 1200 lb 
was separated from the floor by rubber blocks; thus damping 
out vibrations which could be transmitted to the apparatus 
through the floor, Experiments were carried out in the 
constant-temperature room described earlier..
Illumination was provided by a 125 W mercury-vapour 
lamp operated in a horizontal position., The discharge from 
the lamp was focussed by a 3-inch diameter condenser of 
about 8 cm focal length onto a horixontal Hilger adjustable 
slit with an opening of about 75m- through infra-red and 
green filters.
The equal lenses and L2 were corrected for 
chromatic and spherical aberrations and were 102 mm diameter.-, 
having a focal length of.500 mm. The lens was a 
two-element collimating lens 20 mm in diameter and with a 
focal length of 75 mm. By means of these lenses parallel 
light from the horizontal slit was focussed through the 
diffusion cell placed between and Lg* through the Sav<art
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plate S9 the cell plane being imaged at M 0 With this system
the optical magnification at M is 0o150»
A polaroid disc P^ with its axis of polarization 
horizontal was inserted between the lens and the Savart 
plate* and another P2 with a vertical axis of polarization 
between the Savart plate and the image plane M» the
Savart plate and the polaroid discs were mounted in a single 
unit with a device by which the Savart plate could be tilted 
a small amount about its horizontal axis»
The Savart Plate
This consisted of two quartz crystal plates with 25 mm 
sides and 10 mm in thickness* cemented together in such a way 
that a vertical displacement b is introduced between the 
wavefronts in the x-direetion* For a Savart plate adjusted 
perpendicular to the optic axis the displacement b is given by
•u To 2  2b = eN2o n - n e o
e o
where e = thickness of each part of the double plate*
ne»nQ = principal refractive indices„
The plate used here was supplied by Bernhard Halle 
Nachfolger* Hubertusstrasse 11* Berlin* Germany* and had 
e = 10 mm* and b = 8U«2u*
If the optical magnification of the system is G* the real
distance at the object is not b* but b^* where
-120-
(c) Diffusion Cells
Two cells were used in this work* For the purpose of 
verifying the optical equipment the diffusion coefficient 
of sucrose in water was measured and for this a flowing-
junction cell of the type designed by Svensson^ was used.
58In his investigation into types of cell BRYNGDAIiL found 
that this design produced the most ideal diffusion 
boundary with very small"zero-time.corrections. The cell 
used here was constructed by FURZER and is illustrated 
with ancillary equipment in Plate U° Details of 
construction and operation may be found in References 
52 and 53°
The cell used for the determination of diffusion 
coefficients direct from the gas to the liquid phase is 
shown in Plate 5 and Figure 21. The four walls of the cell 
were constructed of good quality optical glass (flat to an 
accuracy of 1/50*000 of an inch)* and the cell was fitted 
with a cover ground flat to enable a gas-tight seal to be 
obtained with the use of silicone grease, Dimensions were 
10 cm long x 8 cm wide and 8 cm high and cell lengths of 
10 cm or 8 cm could be obtained b;y turning the cell 
through 90°• Gas from a constant-pressure source could 
be admitted through an inlet in the cover plate which 
also carried a baffle to prevent disturbance of the liquid 
surface. By opening the entry and exit cocks simultaneously 
gas was admitted at the start of each run.
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(d) Photographic Registration
In order to photograph the interference fringes at
regular intervals a 35-nun Robot Recorder camera which
automatically advances the film was use in conduction with
a Robot Time Control Set II, which enabled exposures to be
made at any required rate while diffusion proceeded* The
back of the camera was removable and could be replaced by a
magnifying ground glass screen for purposes of focussing*
Ilford or Kodak Tri-X film was used 'with a two-second
exposure, developer was Ilford Microphen fine grain*
THEORY AND DERIVATION OP FORMULAE
In this section the theoretical treatment will first be
applied to diffusion occurring across an interface in a
liquid-liquid system* Formulae will then be developed for
gas-liquid systems*
(a) Liquid - Liquid Diffusion Systems
It is assumed that diffusion proceeds across the
interface in accordance with FICK?S Law*
dc _ -p, a c ( 'j
dt = dx2 
(1) can be solved for the boundary conditions
c = c5-% c = 0, x ^  0, t = 0
which exist when a column of pure solvent rests on a column
16
of solution giving (See for example CRANK )
c = cs^ erfc 2/CbtJ (31)
To give the concentration gradient (31) can be differentiated with 
respect to x
-125- / p
-(x1/km)
dc _ r_  cl, e (32)
dx “ gtfT'rDt)
For dilute solutions the refractive index n is proportional
to c, and if nQ corresponds to c1 .
n = n + c® dn s o *T=“dc
dn c* = n —  n = n s odc
c5=; = /\n o dc
dn (33)
Substituting in equation (32)
- (x2/iiDt)
dc o dn = A n
dx dc 2^ (77
e
- ( x 2/ijDt)
(in = An e (34)*».—area* V ' *
dx 2 ^(rrDt)
Equation (3U) giving the refractive index gradient in the
diffusion cello
It is not intended to give here a detailed description of
the optical principles involved in determining D from (3k) 9
hut the following discussion is necessary to explain the
mathematical derivation of the formulae. Further details may
JLlQ
he obtained from the Handhuch der Physik and from papers hy 
INGELSTAM55*56 and BRYNCHDAHL 57?58559,60,61 #
When a plane wave front passes through a cell containing 
a diffusing boundary it is distorted in accordance with the 
variation of concentration within the solution* The wave
-126-
front gives the representation of the optical paths Z, 
which vary with x9 the space coordinate in the direction of 
diffusion,, with the time t9 and with the refractive index 
n at the plane x„ Since the optical path length through a 
liquid is the physical path length multiplied by the 
refractive index5 the relationship between Z9 n9 x9 and t 
can be expressed thus
Z(x9t) = n(x9t) x (cell length) (35)
The gradient of the curve represented by (35) may be found - 
by differentiating with respect to x
dZ = d n(x,t) (36)
dx dx
and the right-hand-side of (36) is given by (3U),
dS = An . 1 e ~(x2/bDt) ,
dx 2 ¥ ("5>t) ° '
As diffusion proceeds, the curve given by (35) tends towards
a straight line, If it were possible to follow one constant 
dZvalue of ^  by its corresponding values of x and t, then 
(35) could be written
_ydn_ o (t) . e /^ •D )^ = Constant
2f('wDtT o -(■x2/Lm')
(t)~^ e U  /UDt) = 0
taking logarithms
/I
2
 ^x_ = 
kl)t
multiplying by 16D 
2
17 In t - x2 = In C
lift
InC - y In t
=( 2In C -In t) 8D (36)
t
The grouping on the left-hand-side of equation (36) is 
chosen because from a photograph of the liquid-liquid fringe
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pattern, it is easier to measure the distance 2x between
corresponding fringes on either side of the interface than
the distance x between a fringe and the interface.
Prom equation (36) it can be seen that a graph of (2x)
t
versus Xn t gives a straight lino with gradient of —o Do
The shearing interferometer provides a convenient means 
of following a constant value of the optical path gradient 
through the corresponding values of x and to
If the distorted wave front described above is polarized 
and passed through a Savart plate in parallel light9 the front 
is split into two equally strong, perpendicularly polarized 
fronts separated from each other by a distance cXx which is 
equal to b, the shear induced by the Savart plate0 The 
introduction of another polarizer with its axis perpendicular 
to the first causes the fronts to interfere,, resulting in 
an interference pattern of fringes which can be photographed„ 
The principle of fringe formation is illustrated in 
Figure 22a„ The left-hand column shows the relationship 
between the refractive index and the height in the diffusion 
cell in the double image formed by the Savart plate, the full 
line indicating one image and the broken line the other. The 
middle column shows the path difference ;\Z between the two 
displaced images, this is proportional to the refractive 
index gradient. When the path difference is 0,A , 2a. etc.
dark fringes are formed as shown in the right hand column.
Figure 22b shows the situation when the diffusion curve
Cell
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FIGURE 22. PRINCIPLE OF FRINGE FORMATION
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has straightened to an extent where the path difference is less
than one wave length and no fringes are formed,, By tilting the
Savart plate, a constant path difference w is introduced and a
fringe pair is formed as in Figure 22 c. Due to this it is
possible to form fringes when the path difference is very small
and the method is applicable to very dilute solutions«
An interference fringe appears when the path difference
/XZ between two rays emerging from the Savart plate at the same
point, but originating at a distance b apart satisfies the
relationship ys2 = m r (37)
2”
where m = 0, 2,14,65 etc» for perpendicular polarizers, 
i«e» Z1Z = 0, A j 2a, etco, dark fringes are formed,.
Each dark fringe in the interference pattern, therefore,
A  2
corresponds no one value of ,1. Z, and also to one value of ^
since b is constant» If the space coordinate x corresponding to
one fringe is followed with time, this is equivalent to
following a constant value of A
If AZ _ AZ _ dZ 
b Ax dx
then the value of dZ is given by equation (33) and since it is
dx
constant, D can be obtained from equation (36)0
Application of Theory to Experimental^Results, ' ■
There are two points which must be examined before
equation (36) . can be applied to experimental results» It is
A Znecessary to calculate the difference between the gradient ^  
which is measured, and which is required; furthermore, since
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for practical reasons it is difficult to determine exactly
when diffusion begins, a constant zero-time correction
£s t must be added to the measured time t.
Before shearing, any point on the wave front a distance x
from the interface and corresponding to an optical path length
dZZ (x) has a gradient . After shearing, two points
corresponding to the original one are formed a vertical distance
A x  apart, where
A x  = (x + b/2) - (x - b/2) = b (38)
since the two new wave fronts are respectively 4- b/2 and -b/2
above and below their original positions.
Their corresponding optical path lengths are now
Z (x + b/2) and Z(x - b/2) and the path difference
introduced^A Zjis given by
A Z  = Z (x + b/2) - Z(x - b/2)
The gradient is given by
Az . = A Z  = Z(x + b/2) - Z(x - b/2) (39)
Ax b b
Equation (39) can be expanded as a series by Taylor*s Theorem,
from whi ch
A j  = dZ (1 + 1 . _bf . x2-2Dt
b dx ( „2,1 2Dt 2DtJo
+ 1 * j A _  • +....)(l|.0)
2%\ UD2t2 i4D2t2 '
Details of the expansion can be found in Appendix II (a).
Replacing t by (t + A t )  in Equation (35) o
-(x /l]D( t+ At) (i-j.1)
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Substituting for —  in Equation (l+O), since Aj~ is a constant
(= m)5and neglecting terms involving t of higher than the first
order 2 /, / \
/ n 2 2 % -x /l|X>( t+At)
A n  o 1 . (l + b o x -2Dt) P / / f.0\
m = " 2  'Wt+KtJ WDt “ 2Dt 6 {k2>
or x2/l|Il(t + At) 2 2
e = An X . (1 +_b__ . x -Dt ) (43)
2m */Vb ( t+ At) ( 4SDt 2Dt )
Taking logarithms,
x2 - I n  A n  + I n  (l + b2 « x2-2Dt)
L|D(t+ At) 2mAD(’t+A“t)  ^ 2Dt '
and since In (l+a) =; a
x2 = In _j>n _ _  + b2 c x2-2Dt (U5)
UD( t+ A  t) 2m/vD/t-: t )  l+8Dt 2Dt
Rearranging
t+At
t+ A t
8D In An - 8D ” ' ' * ’ ' ’ 2ln( t+ A t V +_Jo _ o x -Dt (1+6) 
( t ) h8Dt "2Dt”2An TrDt^  Oo
C - 8D In t+ At + b2 , x2-2Dt (47)
tQ U8Et 2Dt
where t is a constant time value corresponding to the maximum
value of Xo A step-by-step derivation of equation (1+7) from
equation (1+3) is given in Appendix II (b)c
For small values of At, (1+7) can be written
(2x)2 = C - 8D In t + 1  (2x)2 - 8D) (2b£ + At) (48)
t tQ t ( t ) (48D )
Substituting P = (2x)2 and S = In _t
P = C - 8D„S + P-8D ( b2 + At) (49)
t (24D )
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A plot of P versus S will be linear or approximately linear
(i) For small values of A t
(ii) For large values of t
(iii) When P = 8 D
For conditions (iii)9 if (2x)  ^ = 8 D
t
x ± •{( 2Dt)
this condition is satisfied at the inflexion points of the
56 57concentration curve« ING-ELSTAM ? has shown that the 
effect of the correction term is negligible if
= £ <* 3/2Dt (50)
/ 1
18D (51)
In the appivatus used iier-s b = 81|. 2 x 10 cm
G = 0.150
b^ = 56oO x 10 cm
-6 2For values of D of the order of 5 x 10 cm /sec0
56 eO x 56,0 x 10~6 sec 
1 8 x 5 x 1 0 "
t y 35 sec«,
Thus for diffusion times greater than 35 seconds equation (U9) 
approximates to
(2x)  ^ = C - 8D In t_ 
t tQ
(2s)2 = c' - 8 d m  t (52)or t
(2x) ^and the gradient of a plot of'— '^ versus In t is a straight 
line with gradient equal to ~8Do
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.o_n to Gas-Liquid Diffusion Systems 
Diffusion proceeds from the interface in accordance 
with PICK’S La?/
dc = D dfc (1)
dt , 2dx
Assuming that the interface is instantaneously saturated 
upon exposure to the gas
c = c;* for x = 09 t ) 0 (33)
and the initial gas concentration in the hulk of the liquid 
is zero
c = 0 for x^ 09 t = 0 (54)
Equation (1) can he solved for boundary conditions (53)
(54) giving c = oi, erfc . x _  (55)
(of. CRANK18)
Differentiating (55) with respect to x
' - ( x 2A D t )  ' s
dc = c * _  Q (56)
dx 7(/vDt)
Assuming as before that the refractive index n is proportional 
to the concentration and An = the difference in refractive 
index between the saturated solution and the solventP it can 
be shown, that
dn = -(x2/itnt)
dx c.rri+1 e (57)
See Equations (32) to (34) in preceeding section)0
Since the optical path length Z is equal to the cell length
multiplied by the refractive index
Z(xPt) = n(xpt) x (cell length) (35)
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it follows that
dZ
dx
-(x2/i4Dt) 
e (58)
(37For a constant value of “  9 (58) can he written
— V 2 
An t e X = Constant. v / w ,  . 0 1  -i
Taking logarithms
x2 = In C - '/. In t 
IjDt
t
2 = hD In C - 2D In t (59)
2
From equation (59) a plot of x_ versus In t is a straight line
having a gradient of -2D„
The shearing interferometer provides a means of following 
aZa constant value of^g with corresponding values of x and t, 
and before applying equation (59) to the results it is necessary
to determine the extent of the required correction due to the
^ AZ . , , „ dZuse of instead of “ 0b dx
zi ZExpanding = Z (x + b/2) - Z (x - b/2) as a
~ b ^   .. .
Taylor Series it can be shown that (compare Equation 40)
AZ = dZ ( 1 + . 1  . _bf . x2-2Dt ) /
b dx ( .2,1 2Dt 2Dt ) ' ;
o o
(Terms involving t of higher than the first order having been 
neglected)
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dZEquation (58) defines as
az = A n _  -(x2/l+Dt)
dx Dt)
For experimental application a positive increment t9 the 
zero-time-correction must be added to tP the measured time 
dZ = An - x 2/ U D (  t+At)eaartSS* * H J'J I *1 »IJ II ». ■ II Mil « <—4 f * ^  w a J, \
dx 3wC(tTJt) e (61)
Substituting this value for in equation (60)
where hZ -^as a constant value m 
b
m = A n ( 1 -f b o x -2Dt
*TvD(TTa  t) ( 48Dt 2Dt
2 2.ori. v -(x2/l(D(t+At))
Rearranging
x2/i;;,(t+At)
A n x-2Dt)
mVYvD( t +£t) ( 48Dt 2Dt )
Taking logarithms9 since In (l + a) = a for small a
_  x2 = In An + _b2ra . x2~2Dt
Il-bT’Af h t) m/S( t + At) 48Dt 2Dt
Rearranging
X 2 = C - 2D In t + 1 ( A  - 2D) (bf + A  t)
t' t (t ) ('21.0) ) (62)
2A plot of x_ versus In t is a straight line with a gradient
of -2D if xf = 2D, and for large values of t. INGELSTAM56’5
t
has shown that the correction term in (62) is negligible when'
t \ b. 
/ 1
2
T5d (51)
*-5 2
For values of D of the order of 2 x 10 cm /sec
t \ (56.0)2 x 10
A "*2 x 18 x  ^0~5
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t 8 o 7 sec o
It should be noted that even when the correction term cannot
be neglected the diffusion coefficient is accurately given by
2 2 the gradient of the x_ - In t plot when x_ = 2 D,
"t t
For the present9 we shall use the approximation
xf = c' - 2:Dlnt (63)
t
for the calculation of diffusion coefficients•
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EXPERIMENTAL RESULTS AND DISCUSSION OF RESULTS
(a) The Diffusion Coefficient of Sucrose in Water at 25»0°C 
As a check on the apparatus and method it was decided to 
measure the diffusion coefficient of sucrose in water at 25*0°C? 
since the true value is well established, A solution
containing 0.0691% by weight of sucrose was prepared and an 
interface between the solution and water formed in the 
flowing-junction cell described earlier. Interference fringes 
were photographed 30 seconds after diffusion commenced and 
thereafter at intervals of 150 seconds. Exposure time was 
2,5 seconds; Kodak Tri-X film was used* developer was 
Ilford Microphen with a tank development time of 11 minutes.
The phonographs of fringes were examined under an 
80-power microscope9 and the distance between corresponding 
fringes measured by means of a micrometer eye piece, A typical 
fringe pattern(enlarged) is shown on Plate 6, and distances 
between the fringes on Table 18,
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Upper Solution
Lower Solution
(Approximately 20 x 
M agnifi cat i on)
Lower Edge of 
nterface
Liquid Phase
(Approximately 20 
x Magnification)
Figure 60 PHOTOGRAPHS OF INTERFERENCE FRINGES
Above : Sucrose / Water (0o0691% at 25®0°C) 
Below s C02 / Water (25»0°c)
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Time
2x x 10 | (2x) x 10
Sec Distance
between
Fringes
cm
j 182.5 j 3.00 9.oo
335 | 3.75 14.1
487.5 S 4.43 S 19.6
I 640 4.92 • 24.2
i 792 ! 5.35 j 28.4
i 945 | 5.70 j 32.5
11097.5 \ 6.00 I 36.0
1250 5 6.30 39.5
(2 x x 10
cm /sec
In t
4.95 5.21 %
k.k-2 5.82
U* 02 6*19
3.78 6*1|6 ! hi' • 1'
3.58 6 * 68
3*k-2 6*85 ■=!
3.28 7.00
3.16 7.13
Table 18* Distance between corresponding fringes .and 
calculation of (2x) /t for a 0*0691% Sucrose solution..
From Equation (36)
(2x)^ = 16 D In C - . 8 D In t (36)
it can be seen that a plot of (2x) versus In t is a straight
t
line with a gradient of -8D*
p
The values of (2x) /t are plotted versus In t in Figure 23
= 8D
P
0 o 116 x 10 cm /sec ~
Gradient = 0*930 x 10
D =
The measured x - values refer to the photographic plate and
in order to relate them to the cell, it is necessary to multiply by
the magnification factor* From the focal lengths of the lenses
in the system the magnification factor should be 30/7.5 = 6*67*
but as a check an image of 6*00 cm was photographed and found to
give an object on the photographic plate of 0*895 cm* Iicnce the
6*00magnification factor G = 7*895 = 6*70
7
*
- 1 M -
Since D obtained from measurements on the photographic 
plate involves the square of x
D cell = D plate x G^
p
= 0.116 x 10 x (6.70)
= . 0.116 x 10 x
-6 P 
- 5° 21 x 10 cm /sec
-6This is less than 0.2% less than the value of 5»22 x 10
2 ■ cm /sec from the literature^ which indicates the accuracy of
this method. No zero-time correction has been applied since this
appears to be unnecessary for this type of liquid cell;
58BRYNGDAHL- having shown that this is of the order of 3 or Ij. 
seconds.
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(b) The Diffusion Coefficient of Carbon Dioxide in 
Water at 25qOQC
In the determination of diffusion coefficients of gases 
in water the optical arrangement was unchanged, but the 
flowing-junction cell was replaced by the glass cell described 
earlier and illustrated in Figure 21 and Plate 3° This cell 
proved to be remarkably efficient' in use, and the baffle 
arrangement permitted a high rate of gas flow vn.th.out disturbing 
the liquid surface; this enables the start of diffusion to be 
taken as the time when gas is admitted to the cello
Experimental procedure was the same as for liquid-liquid 
diffusion, with the exception that Ilford HP3 film was used, 
and exposures were more frequent* A typical fringe pattern is 
shown on Plate 6, and the distance between fringes presented in 
Table 19°
For the calculation of the diffusion coefficient from
Squat ion ( 63) •
x£ = C1 - 2 D In t 
t
2values of x_ are plotted against In t in Figure 21+• 
t
o»
*p
>o
o
cn T V  «-> «« ; O'*
s9 s® vb V* V* is*
*3 *»|
“114-14--
I 2 2 b. | 2 ^ 6 In tt I 
Time I 
sec j
i13
.
x x 10 
Distance 
Fringe to 
Interface 
cm
x x 1 0 ‘ 
(cm)2 !
i
x x 10 
. t 2 
cm /sec.
•135 2,5
[ - i 
\ 6 o 25 U.62 it-91
260 2.5 I 8.25 | 2.14-0 5.56
385 2,75 I 7.60 1.97 | 5.95
570 3.0 | 9.00 1.58 I 6.35
815 3.25 i 10.5 1 .29 6.70
1120 3.5 | 12.2 1 .09 | 7.02
1485 3.5 I 1 2 o 2 0.82 I 7.30
1850 3.5 I 12.2 j 0.66 7.52
Table 19. Distance between fringe and interface and
2 / / ocalculation of x /t for C O V  water at 25.0 j
Prom Figure 2k 9 
Gradient 0 o 81}. x 10-6 2 D plate
— fi P
D plate = 0.1+2 x 10 cm /sec
Magnification Factor 6.00/0.875 - 0.85
G2 = 2+7oO
D cell = D plate X G
,-6
2
= 0.14-2 X 10 x U7.0 
= 1.975 x 10 3 cm2/sec
- 11+ 5 “
(c) Discussion of Results
The foregoing section has shown the extreme accuracy of 
which this method is capable,, and for moderately soluble gases 
it appears to be superior to existing methods for the 
determination of diffusion coefficients.
_ jr  g
The value of 1 *975 x 10 cm /sec for the diffusion 
coefficient of carbon dioxide in water at 25»0°C is about 0.25%
c 2
higher than the value of 1 .970 x 10 cm /sec given by PIGFORD. 
The difference between these values is insignificant.
In its present form the apparatus has the disadvantage of 
producing a relatively small image of the cell. This can be 
overcome by incorporating a a lens after the Savart plate to 
enlarge the image at the photographic plate.
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SHEARING- INTERFEROMETER - CONCLUSIONS 
AND DISCUSSION
(a) Evaluation of the Interferometer Technique
It has "been seen that existing methods for the determination
of diffusion coefficients of gases in liquids suffer from three
disadvantagesP
(i) Unsteady-state theory derived for stagnant liquid 
surfaces is applied to non-stagnant systems«,
(ii) A value of the gas saturation concentration is 
requiredo
(iii) Heat effects at the surface may effect the results0 
The work reported here has shown that the shearing
interferometer provides a means of determining diffusion 
coefficients under experimental conditions where a perfect 
interface of stagnant liquid is exposed to the gas, a value for 
gas solubility is not required* and the major heat effects are 
dissipated before measurements are commenced* Added to this 
are the advantages of great accuracy since one measurement only 
is required, and the fact that determinations can be carried 
out with very small quantities of gas and liquid,,
The main disadvantage of the method is due to the fact 
that a solution of gas is formed above the liquid into which 
it diffuses, giving rise to a danger of convection* The effect 
howrever should be slight since the difference in densities is 
small *
There is also the problem of the meniscus formed at the
-1U7-.
walls of the optical cell, and it is recommended that the 
effect of treating the walls with a lyophobic substance be 
investigated®
(b) Suggestions For FurtherWork
Further work with the interferometer should consist of 
improving the apparatus and experimental techniques outlined 
above, as well as an investigation into possible applications 
to other fields of mass-transfer®
(1) Development of Present Method
(i) Improvement of Optical Cello
It is felt that a sliding cell of the type illustrated 
in Figure 25 would be ideal® This design would allow filling $ 
with liquid under an inert atmosphere, and simple and rapid 
exposure to the test gas0 Refinements such as an accurate J 
temperature sensing device and a contact for starting the 
camera could be included and the whole submerged in a constant 
temperature bath®
(ii) Methods of Determining ?x ’ values from Photographs l| 
Several methods of determining fringe displacements from j
photographs of the interference pattern are discussed by !]
BRYNGDAHL'^5^ ®  Of these, the method of producing a photogram,I! 
constructing the medians of the curves, and measuring the 
distance between them is tedious, but will produce the most 
accurate results®
(iii) Improved Methods of Calculation
i
Although the value of the zero-time-correction t is
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small in gas-liquid experiments, it might prove interesting to 
compare values of D accurately determined from Equation (62)
with those obtained from the approximate solution (63)
xf = C' - 2D In t
t
(62) could be solved by computer techniques by a trial-and-
error procedure since the ,?most correct” value of t will give
a constant value of D for all values of x and t. Methods
57outlined for the determination of A t by BRYNGDAIiL are tedious <>
(2) Further Application of the Shearing Interferometer
(i) Modification Enabling Direct Plot of Refractive Index 
Gradient.
62A recent paper by BRYNGDAHL and LJUNGGREN describes a 
modification to the shearing interferometer which enables the 
refractive index gradient in the diffusion cell to be 
photographed directly. The modification is shown in Figure 26 
and consists of focussing the image from the Savart plate in 
the existing equipment through a second Savart plate and 
polarizer onto a photographic plate.
The significance of this is that it is no longer 
necessary to assume the form of the refractive index gradient, 
and it would enable investigations into the effect of heat 
of solution at the interface.
(ii) Application to Systems involving Chemical Reaction
x2
t
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An investigation is currently under way into the 
application of the shearing interferometer to systems 
where the gas reacts with a component of the liquid phase. 
In this it is hoped to include photographs of the 
refractive index gradient.
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APPKHDIX X
1. Solubility of Nitrous Oxide in Solutions of Olyeerol 
at 20.0°0 (Seidell, 3rd Ed. p. HUO)
2* Viscosities of G-lyeerol-Water Solutions up to 22 o 7% 
at 20.0°C.
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APPENDIX II
DETAILS OF DEHIVATION OF MATHEMATICAL FORMULAE FOR THEORY
OF SHEARING INTERFEROMETER
(a) Taylor Theorem Expansion of A Z
D
(h) Stepwise derivation of Equation (k7) from
Equation (b3)
-156-
ilon of Equation (39)
f s i l  x = b = -2-Lx ±-b/2l 2(x-b/2j,
Taylor* s expans ion
2 (x + hx) = 2(x) + h 2?(x) + h2 2U (x) +
Tl 21
So 2(x+b) = 2(x) + b 2'(x) + (b)2 2,f(x) -t
2 2.11 -(2)2.1
+Cb)3 £Hl(x) +(b)i+ 2lv(x) +
(2)  3' (2) hi
and z (x -b) = 2(x) + (b) .2' (x) + (^b)2 2"(x) +(
2) (2) ( 2) 21
(39)
C o n s e q u e n t ly
( A  Z) I  b 2 * ( x )  + 2 ( b ) 3 2 * *  * ( x )  + 2 ( b ) 5 2V ( x ) +
A  x . b 3x  = b
= 2 ?( x )  + (b)2 2 ? ? * ( x ) + (b)^ ~ 2V (x) 
(2) 31 (2) 51
2/Now z ! ( x )  = d n  = A  e ' B  w h e re  A  = . n
d x
(2) 
+
51
B = L jE t
Z,f( x )  = A (—2x ) e x / b = ~2x  Z ' ( x )  2 * ? f ( x )  = ( - 2 ) 
( B ) B (B  )
~2x) (~ 2 x ) 2 ’ ( x )  ■ = 2 2 * ( x )  2 x 2 -B
B
Z1V ( x )
B ) B
Z " ( x )  2 2 x  -B  + 2 * ( x )
B B ‘
= R2LUI - 2x(2x2-B) + kxB = 29'(x) 6xb -lix3
B3 B3
a n d
Z v  ( x )  = 22 " ( x )  6xB  -  I4X 3 + 22 ?( x )  6B -  1 2 x2
Z ’ ( x )  +
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B'
2 x  ( 3 x B - 2 x ^ )  + 3B -  6 x 2
B
= -^ 2T(x) -k x ^  -  12 x 2B + 3B 2 
Bi+
Substituting in (i)
dn = 2* (x) + (b) 2 2f * 1 (x ) .  + (b)^ 2V(x) +
d x x= b
?;! ( x ) +
3’.
2 2 2'(x) 2x 2 -B  + + ( b  A  2 '  ( x )  lt_  ip A - 1 2 x 2B+3B2 +«= » tit mriT— ■Bl hi in .  iiimni.i ■ _i ■ r mi> h t t—■ )  m i  (  '  '*■ ■ ^
3 .  ( 2  ) 51 BU2) g2
: 2 ' ( x ) ( l + ( b ) 2 £  ( 2 x 2 - B ) ( b A  J ±  (lpth-'\2xdB + 'jB ^ ) +
( 2 )  B1+ 512) b2 3i
O o o o o
= z'(x) ( 1 + _j_
( 323
S u b s t i t u t i n g  f o r  B = U
2d ( 2 x ~ B )  + _ 1  
B2 2V .
i r tA  ( ita A -1  2x 2 B+3B2 ) + .
= Z* ( x )  (1  + 1
2 1 
2 3-
2 b 2 p ( 2 x 2 - l | D t )  1 Ub1*- ,
2 ffet)4
(ilx^ "-12x2(LiI)t)+3(^ Dt)2) +
AZ
b"
bib
dx
(1 + — JL 
2 1 
2 3
b 2 ( x 2 - 2 D t ) + 1 b^;
2 D t 2 D t 0UC1 7 ^ 2 , 22 5 ■ i|D  t
/ U 2 2 2\( x  —1 2 x  D t  + 12D t  ) +
* 2 2  ijD t
o o o o o o
(Uo)
Taking logs 
2x In n
Lim%D( t+ At)
+ In (1 + b
L|.8Dt
(2x)2 = 16D( In A  n
• 2 m ^ ( T T A t )
x2-2Dt
2Dt
+ In ( 1 + b2 x2-2Dt 
i|.8Dt ZDt
= 16D In An
2rm/wD( t+ At)
2 2
+ J2l x -2Dt
3Dt 2Dt
since In (1 + a) = a
16D 1&D In An (wD t + A t  ) + b2 x2-2Dt
2m 3Dt 2Dt
= 8D In A  n
7TJ
, p
= 8D In A n
o
(t + At)
(t + A t) 
to
-1
-1
2 2 + b x -2Dt
3Dt
+ * 1
3Dt
2Dt
, (ax); 
(t+At) = C - 8 D In t + At + b2tQ 3Dt
x2~2Dt
2Dt
x -2Dt 
2Dt
(hi)
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NOTATION
A  = R a te  o f  p r o d u c t io n  o f  f r e s h  s u r fa c e  fay j e t  c m /s e c
A ^  = C o n c e n t r a t io n  o f  s o lu t e  g a s  i n  p h y s i c a l
s o l u t i o n  a t  i n t e r f a c e
a = C e l l  t h ic k n e s s
B = I n i t i a l  c o n c e n t r a t io n  o f  l i q u i d - p h a s e
0 r e a c t a n t
fa = S h e a r  p ro d u c e d  fay S a v a r t  P la t e
fa^ = R e a l s h e a r  d is t a n c e  a t  O b je c t
c = P o in t  c o n c e n t r a t io n  o f  d i f f u s i n g  s o lu t e
c s<:s _ E q u i l i b r i u m  s a t u r a t i o n  c o n c e n t r a t io n  o f
s o lu t e  g a s  in -  l i q u i d  p h a s e
c = I n i t i a l  c o n c e n t r a t io n  o f  s o lu t e  g a s  i n
°  b u l k  l i q u i d
D = D i f f u s i o n  c o e f f i c i e n t
d  = D ia m e te r  o f  l i q u i d  j e t
e = T h ic k n e s s  o f  e a c h  p a r t  o f  S a v a r t  P la t e
f  = F o c a l l e n g t h  o f  le n s
G = M a g n i f i c a t i o n  F a c t o r  o f  Im a g in g  S y s te m
I  = I o n i c  s t r e n g t h  o f  a m in e  s o l u t i o n  g m - i o n s / l i t r e
= E q u i l i b r i u m  c o n s t a n t
k ^  = L i q u i d - s i d e  m ass t r a n s f e r  c o e f f i c i e n t  c m /s e c
k ?  = M a s s - t r a n s f e r  c o e f f i c i e n t  f o r  s y s te m  w i t h o u t  c m /s e c
c h e m ic a l r e a c t i o n
-1
k  = R e a c t io n  v e l o c i t y  c o n s t a n t  o f  f i r s t - o r d e r  o r  s e c
p s e u d o  f i r s t - o r d e r  r e a c t i o n
k f = V e l o c i t y  c o n s t a n t  o f  s e c o n d - o r d e r  r e a c t i o n  L i t r e s / g m -
m o le s /s e c
3
L  = L i q u i d  f l o w  r a t e  th r o u g h  j e t  o r i f i c e  cm / s e c
h = L e n g th , o f  la m in a r  j e t  cm
gm-moles/cm^ 
cm
gm-moles/cm
cm
cm
3
gm-moles/ cm
3
gm-moles/cm
gm-moles/cm
2/ cm /sec
cm
cm
cm
-160-
m = Constant cm
2
N = Average rate of absorption over period of gm-moles/cm
exposure sec<>
2
N f = Instantaneous rate of absorption at time t gm-moles/cm ,
sec o
n = Refractive Index
n = Number of moles cf moles of gas reacting
with one mole of liquid reactant
Q = Amount of solute crossing unit area of moles
any liquid plane parallel to interface 
after exposure of t seconds
T = Absolute Temperature °R
t = Time sec«
t^ = Depletion time sec„
v = Velocity of liquid jet em/sec0
x = Linear coordinate in direction of cm
diffusion 
2 = Optical Path Length
j, = Absolute viscosity centipoises
0 = Rate of■absorption of gas into liquid jet gm-moles/sec
A  Wave length of light in Optical System
A X  = Optical path difference between two points
on sheared Gaussian Curve.
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